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MCETiiva  A  messma  heed 

In  light  of  the  vital  influence  of  temperature  on  the  reliability 
of  electronic  equipment  and  the  ever  more  stringent  reliability 
requirements  of  military  systems,  a  major  responsibility  of  the 
reliability  engineer  is  ensuring  the  implementation  of  a  c  isci- 
plined  thermal  management  program. 

Yet  many  a  reliability  engineer  has  little  or  no  knowledge  of 
thermal  design  and  analysis.  Moreover,  texts  and  government 
handbooks  published  to  date  have  stressed  theory  and  are  far  too 
cumbersome  to  be  of  use  to  one  whose  primary  responsibility  is 
reliability. 

What  has  been  needed  for  some  time  is  a  short  book  that  gives 
the  reliability  engineer  the  tools  to  manage  and  evaluate  thermal 
design. 

This  guide  meets  that  need. 

Part  I  presents  guidelines  for  assuring  the  development  of  a 
thermally  adequate,  cost-effective  product.  It  defines  the  require¬ 
ments  and  tasks  which  must  be  addressed  in  equipment  specifica¬ 
tions  and  statements  of  work.  And  it  shows  how  to  tailor  the  tasks 
to  individual  programs. 

Part  II  details  the  implementation  of  these  <^asks.  It  summarizes 
the  fundamentals  of  heat  transfer;  tells  how  to  evaluate  not  only 
thermal  designs,  but  the  thermal  adequacy  of  production  equip¬ 
ment;  and  explains  the  thermal  aspects  of  environmental  screen¬ 
ing.  It  gives  "do's"  and  "don'ts"  and  rules  of  thumb,  and  shows 
how  to  improve  existing  designs. 

Only  the  essence  of  each  subject  is  presented.  For  more  detailed 
information,  references  are  listed  in  the  appendix 
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PART  I— MANAGEMENT 


CHAPTER  1 

SUCCESS  M  THERMAL  MANAGEMENT 


A  small  investment  in  sound  thermal  manage¬ 
ment  can  yield  far  greater  long-term  profits.  By 
means  of  a  simple  example,  this  chapter  illustrates 
the  potentially  high  cost  of  inadequate  thermal 
management.  It  then  focuses  on  the  key  ingredi¬ 
ents  of  a  successful  thermal  program. 

THE  COST  OF  RHADEOUATE  THERMAL 
MANAGENKNT 

Primary  objectives  of  modern  military  electronic 
prt^rams  are  minimizing  system  life-cycle  cost  and 
maximizing  availability.  Yet  all  too  often  this  cost 
increases  unnecessarily  as  a  result  of  inadequate  ther¬ 
mal  management.  While  examples  of  this  deficiency 
differ  widely,  virtually  all  of  them  are  due  to  one  or 
more  of  three  basic  reasons: 

•  Program  management  doesn’t  recognize  the 
payoffs  of  sound  thermal  management. 

•  The  contractor  has  inadequate  thermal  exper¬ 
tise. 

•  The  reliability  engineers  involved  in  the  pro¬ 
gram  have  inadequate  thermal  backgrounds. 

To  illustrate,  consider  a  hypothetical  example.  A 
contract  is  issued  for  the  design  and  manufacture  of  a 
comparatively  simple,  straightforward  system  consist¬ 
ing  of  three  electronic  units  mounted  in  a  single  cabi¬ 
net.  Superficially,  there  appears  to  be  no  need  for 
active  cooling.  Budgets  being  tight,  the  idea  of  any 
sort  of  thermal  analysis  is  deemed  out  of  the 
question. 

The  system  is  designed  (Figure  1-2),  the  individ¬ 
ual  units  are  breadboarded  and  checked  out,  and  pro¬ 
totype  hardware  is  built.  No  problems. 

But  when  the  units  are  tested  as  a  complete  sys¬ 
tem,  several  parts  repeatedly  fail.  The  contractor’s 
reliability  engineer  correctly  assesses  the  cause  of  the 
failures  as  high  part  temperatures  and  recommends 
that  aaive  cooling  be  provided. 

The  contractor  happens  to  have  little  or  no  ther¬ 
mal  expertise.  But  that  hardly  seems  necessa.”/.  All 
that  is  really  needed  is  a  couple  of  blowers  in  the  top 
of  the  cabinet. 


Figure  1-1.  Thermal  programs 
are  cost-effective. 


Figure  1  -2.  In  the  original  design  of  a 
oemparativelv  simple  electronic  system, 
no  provision  was  made  for  active  cool¬ 
ing;  parts  overheated  and  failed. 
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Figure  1-3.  In  the  first  redesign,  a  blower 
drew  coolant  air  through  units  serially:  but 
high  part  temperatures  in  downstream  unit 
reduced  reliability. 


Figure  1  -4.  In  the  second  redesign,  codent 
eir  was  drawn  through  units  in  paraHel,  but 
wrong-sixad  metering  orifices  were  installed; 
the  resulting  part  temperatures  were  still 
too  high. 


Even  so,  the  redesign  (Figure  1-3)  (urns  oui  to  be 
unreasonably  expensive.  To  make  rtwm  for  the  blow¬ 
ers,  the  mouraing  of  the  units  has  to  be  changed  and 
the  parts  rearranged.  To  admit  and  exhaust  the  cool¬ 
ant  air,  openings  must  be  made  in  the  cabinet.  To 
duct  the  air  through  the  units  to  the  blowers,  internal 
passages  must  be  provided.  And,  of  course,  power 
must  be  supplied  for  the  blowers. 

Aside  from  its  excessive  cost,  the  redesign  appears 
to  be  completely  satisfactory.  The  system  passes  all 
tests,  is  put  into  production,  and  several  hundred  sys¬ 
tems  are  delivered. 

But  ...  as  reports  start  trickling  in  from  the  field, 
it  soon  becomes  clear  that  the  failure  rate  is  inordi¬ 
nately  high.  The  problem,  once  again,  is  assessed  as 
thermal.  This  time,  though,  an  experienced  thermal 
engineer  is  called  in. 

He  quickly  finds  the  problem.  The  blowers  were 
selected  and  the  coolant  air  passages  were  designed 
with  no  thought  for  the  convection  of  heat  from  one 
unit  to  the  next.  As  a  result,  pans  in  the  down¬ 
stream  unit  run  hotter  than  they  should,  degrading 
reliability. 

This  error  is  corrected — at  still  greater  exptense 
than  before — by  redesigning  the  system  so  the  coolant 
air  flows  through  the  units  in  parallel  (Figure  1-4). 

But  the  problem  doesn’t  end  here,  either.  By  the 
time  the  changes  are  put  into  production,  the  thermal 
engineer  has  long  since  departed,  and  no  procedure 
has  been  set  up  to  verify  workmanship  and  assembly 
in  the  factory.  It  so  happens  that  the  wrong  metering 
orifices  are  inadvertently  installed  in  the  inlets  for  the 
ctxtlant  air.  The  parts  still  overheat.  Needless  to  say, 
more  money  and  more  goodwill  are  wasted  before 
this  error  is  finally  corrected. 

In  this  program,  as  in  all  the  others  that  have 
similarly  gone  wrong,  the  cost  of  a  well-planned, 
well-monitored,  well-executed  thermal  program 
would  have  paid  for  itself  many  times  over  through 
savings  that  would  have  been  realized  all  along  the 
line — in  development  costs,  in  production  costs,  in 
opteration  and  maintenance  costs. 


KEYS  TO  SUCCESS 


What  then  are  the  keys  to  a  successful  thermal 
program?  As  can  be  surmised  from  the  preceding 
example,  there  are  at  least  four  keys; 

•  Establishment  of  specific  thermal  requirements 

•  Use  of  thermal  specialists 

•  Adoption  of  a  system-level  approach  to  thermal 
design 

•  Performance  of  thermal  tasks  in  all  phases  of  a 
program. 

To  these  should  be  added  a  fifth  key;  interaction 
between  disciplines. 

Specific  Thermel  Requirements 

Thermal  requirements,  specifying  tasks  and 
requiring  formal  reporting,  are  the  primary  tools 
available  to  the  Procuring  Activity  and  prime  con¬ 
tractor  for  obtaining  thermal  management.  The 
inclusion  of  these  requirements  in  Requests  for  Pro¬ 
posals  (RFPs)  will  go  a  long  way  toward  ensuring 
that  the  contractor  establishes  and  funds  a  thermal 
program  and  that  thermal  tasks  are  performed  at 
appropriate  phases  of  the  design  and  production 
cycle. 

Thermel  Specialists 

Both  the  Procuring  Activity  and  the  contractor 
should  have  thermal  specialists  involved  throughout 
the  program.  The  reliability  manager  in  the  Procur¬ 
ing  Activity  should  see  to  it  that  the  thermal  engineer 
participates  in  writing  Statements  of  Work  (SOWs), 
evaluating  proposals,  and  performing  design  reviews 
(Figure  1-6).  The  contractor  should  see  to  it  that  a 
thermal  engineer  is  involved  early  in  the  design  pro¬ 
cess  when  the  thermal  design  can  be  economically 
optimized,  as  well  as  at  the  appropriate  points  later 
on.  Often,  the  thermal  engineer’s  involvement  is  so 
late  that  there  is  insufficient  time  left  for  any  true 
optimization.  All  that  can  be  done  then  is  to  “patch 
up”  the  more  serious  deficiencies. 

System-Level  Responsibility 

The  temperatures  of  electronic  parts  are  affected 
not  only  by  the  design  of  the  individual  electronic 
units  but  by  the  design  of  the  overall  system.  Conse¬ 
quently,  the  reliability  engineer  must  have  the 


Figure  1-5.  There  are  five  keys  to  a 
successful  thermal  program. 


Figure  1-6.  Participation  by  thermal  special¬ 
ists  of  the  Procuring  Activity  and  the  con¬ 
tractor  is  a  key  to  a  successful  thermal 
program. 
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SERIAL 


INTERACTIVE 


Figur*  1-7.  To  sava  tim*  and  monay,  communica¬ 
tion  batwaan  tha  dasignar,  tharmal  enginaar.  and 
raHabiKtv  anginaar  should  be  interactive  rather  than 
serial. 


responsibitity  and  authority  to  influence  those  system- 
level  decisions  that  impact  electronic  part  tempera¬ 
tures  and  eventual  system  reliability.  The  thermal 
engineer,  too,  must  have  this  authority,  either  directly 
or  through  the  reliability  engineer. 

MuM-Phas0  Involv0m0nt 

Thermal  management  must  be  in  effect  during  all 
phases  of  a  hardware  program.  It  must  start  in  the 
conceptual  phase  when  alternative  design  concepts 
are  identified  and  explored.  It  must  continue  during 
the  demonstration  and  validation  phase  and  the  full- 
scale  engineering  development  phase.  And  it  must  be 
maintained  during  the  production  phase  as  design 
and  manufacturing  changes  occur. 

Infraction  Batwaan  Disciplinas 

Interactive  communications  between  the  designer 
(circuit  and/or  mechanical),  thermal  engineer,  and 
reliability  engineer  are  essential  throughout  the 
design  process.  What  often  happens,  however,  is  that 
communication  between  these  disciplines  is  carried 
out  serially.  The  designer  gives  the  completed  design 
to  the  thermal  engineer.  He  or  she  calculates  the  part 
temperatures  and,  in  turn,  passes  these  on  to  the  reli¬ 
ability  engineer,  who  determines  whether  the  design 
satisfies  reliability  objectives. 

If  it  does,  all  is  fine.  But  suppose,  as  sometimes 
happens,  the  circuit  designer  has  chosen  parts  which 
are  too  temperature-sensitive  for  the  cooling  scheme 
that  has  been  adopted.  Or,  suppose  he  has  chosen  the 
parts  without  due  concern  for  their  thermal  dissipa¬ 
tion,  and  it  exceeds  the  available  cooling  capacity.  In 
either  case,  the  entire  circuit  may  have  to  be  changed 
— at  considerable  expense  in  both  time  and  money. 

Clearly,  the  possibility  of  such  waste  can  largely 
be  eliminated  if  the  designer,  thermal  engineer,  and 
reliability  engineer  work  interactively  (Figure  1-7). 

SUMMARY 

By  preventing  thermally  induced  failures  and 
costly  redesign,  a  sound  thermal  program  can 
save  substantial  amounts  of  time  and  money  and 
increase  availability.  The  key  ingredients  of  such 
a  prt^ram  are  (1)  specific  thermal  requirements, 
(2)  thermal  specialists,  (3)  a  system-level  approach, 
(4)  multi-phase  involvement,  and  (5)  interaction 
between  disciplines. 
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CHAPTER  2 

SPECIFIC  THERMAL  TASKS  AND  REQUIREMENTS 


In  Chapter  1,  the  key  features  of  a  sound  ther¬ 
mal  management  program  were  introduced.  In 
this  chapter,  the  specific  tasks  performed  in  such 
a  program  will  be  studied,  along  with  the 
requirements  which  the  reliability  engineer  of  the 
Procuring  Activity  (or  prime  contractor)  must 
establish  to  ensure  that  the  tasks  are  properly 
carried  out. 

THERMAL  TASKS 

Since  the  primary  goal  of  the  thermal  program  is 
meeting  equipment  reliability  objectives,  every  ther¬ 
mal  task  has  its  roots  in  the  reliability  requirements 
imposed  on  the  equipment.  Table  2-1  lists  the  basic- 
reliability  tasks  specified  by  MlL-STD-785  and 
identifies  the  thermal  tasks  that  are  implicit  in  each 
of  them.*  ' 


TABLE  2-1 .  THERMAL  TASKS  IMPLICIT  IN  RELIABILITY  TASKS  OF  MIL-STD-785 


MIL-STD-785  Task 

Number 

Title 

Implied  Thermal  Tasks 

100 

Program  surveillance  and  control 

101 

Reliability  program  plan 

Define  thermal  tasks. 

10.1 

Program  reviews 

Monitor  thermal  program. 

104 

Fi  Jure  repfiriing,  analysis,  and  airreciive 
action  system  (FRACAS) 

Thermal  and  reliability  engineers  collalxtrate. 

lO.S 

Failure  review  U»ard  (FRB) 

Review  failures  suspected  of  having  thermal  tauses. 

200 

Design  and  evaluation 

20.1 

Reliability  predictions 

Provide  part  temperatures  for  use  in  predictions. 

208 

Reliability  critical  items 

Provide  part  temperatures  resulting  from  thermal  environments. 

209 

Effects  of  functional  testing,  storage,  handling, 
packaging,  transportation,  and  maintenance 

Provide  part  tempenttures. 

300 

Development  and  production  testii^f 

101 

Environmental  stress  sireening  (ESS) 

Develop  and  implement  screening  burn>in  pnicedures. 

102 

Reliability  development  growih/iest  (RDGT) 

Ensure  test  realism,  participate  in  performanie  monitoring,  fail- 

program  (also  known  as  te$t-analyze<and-fix 
(TAAF)) 

ure  deteaion,  failure  analysis,  and  I'orrective  action. 

.101 

Reliability  qualification  test  (RQT)  program 

Ensure  test  realism. 

.104 

Production  reliability  acceptance  test  (PRAT) 

Ensure  that  the  operating  temperatures  will  be  within  specified 

program 

tolerances. 

TABLE  2-2.  THERMAL  TASKS  IN 
CONCEPTUAL  PHASE 

•  Define  thermal  design  requirements. 

•  Determine  equipment  reliability  or  life- 
cycle  cost  objectives. 

•  Identify  possible  alternative  thermal 
designs. 

1.  Evaluate  alternative  solutions  by  ther¬ 
mal  analyses  and  developmental  tests. 

2.  Perform  cost-versus-risk  analysis  for 
alternatives. 

3.  Select  candidate  solutions. 

•  Submit  Thermal  Design  Report  before 
Design  Review. 


A  clearer  picture  of  what  a  thermal  program 
should  include,  however,  can  be  gained  by  breaking 
out  the  individual  thermal  tasks  in  the  order  in  which 
they  are  typically  performed.  MlL-STD-785  divides 
the  period  from  the  inception  of  an  acquisition  pro¬ 
gram  to  acceptance  of  the  last  system  to  be  delivered 
into  four  phases: 

•  Conceptual 

•  Demonstration  and  Validation 

•  Full-Scale  Engineering  Development 

•  Production. 

The  paragraphs  that  follow  trace  the  thermal 
tasks  that  would  be  performed  during  each  of  these 
phases  in  an  example  of  a  comprehensive  thermal 
program. 

Conceptual  Phase 

Thermal  management  begins  at  the  Procuring 
Activity  with  the  derivation  of  thermal  environment 
and  pterformance  criteria  (see  Table  2-2).  This  effort 
culminates  in  the  baseline  requirements  and  other 
essential  thermal  design  information  to  be  included  in 
the  equipment  specifications  that  will  be  given  to  the 
contractors  and  subcontractors  who  will  be  bidding 
on  the  program.  (Table  2-3  lists  the  items  typically 
included.)  The  requirements,  it  might  be  noted, 
should  be  based  on  availability  and  life-cycle  cost 
objectives,  although  regretably  this  is  often  not  done. 


TABLE  2-3.  BASELINE  THERMAL  REQUIREMENTS 

The  following  items  should  typically  be  included  in  the  baseline  thenual  requirements  of  each  equipment  specification: 


I .  Miiximum  junction  temperatures  and  derating  criteria. 

3.  Thermal  environments  in  whi(  h  the  equipment  is  required  to  operate. 

a.  Ambient  and  or  surrounding  temperature  extremes 
Ij.  Pressure 'altitude  extremes  (f<ir  airlKirne  equipment) 

(  .  Rates  of  change  of  ambient  tempi  rature  and  pressure/altiiude  (for 
airborne  equipment) 

d  Radiation  environment  (for  /.idiatively-ctxded  equipment) 
r  Salar  and  other  infiltrating  heat  loads 
f  .\mbieni  air  velwity  (for  free-convecilon-c(Miled  equipment) 
g  ( -old  plate  i»r  structure  t  haracterisiits.  i.e.,  mounting  surface  tempera^ 
lure  as  a  function  of  power  dissipation  (for  equipment  using  constant- 
lemperaiure  mounting  surfat  e  supplied  by  system  coniraclor) 
h  (^lolani  type,  flow  rate,  supply  lemperaiure,  and  allowable  pressure 
drop  (for  equipment  using  (<N>lani  supplied  by  system  contractor) 


3.  Government  specifications.  Be  sure  m  referente  iht>se  partit  ular 
sections  (hat  are  diret'tly  applicable  to  the  specific  system  lieing 
acquired. 

4.  Mission  profile  and  duration;  test  mission  duration,  if  different. 

5.  Design  constraints  on  itN)ling  system. 

a.  Type  and  amount  of  ptiwcr  available  f<»r  pumps  and  blowers  (for 
fort^d-conveciion-cooled  equipment) 

b.  Noise  and  vibration  limits  (for  forccd-conveciion-ctioled  equipmeni) 

c.  Maximum  allowable  air  exhaust  temperature  (f«ir  forc-ed-iiir-c«K>led 
equipment) 

d.  Available  envelope 
c.  Weight  limits 
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Having  received  a  contract  for  this  phase  of  the 
program,  the  successful  bidder  identifies  and  system¬ 
atically  evaluates  the  various  alternative  thermal 
design  solutions  or  solution  concepts,  using  a  realistic 
set  of  evaluation  criteria.  A  cost-versus-risk  trade-off 
analysis  is  an  essential  part  of  the  evaluation.  In 
some  instances,  thermal  testing  may  be  undertaken  to 
verify  the  validity  of  a  concept. 

The  results  of  this  work  are  documented  in  a 
Thermal  Design  Report  which  is  submitted  to  the 
Procuring  Activity  before  the  Design  Review. 

Naturally,  the  qualifications  of  the  personnel 
engaged  in  the  conceptual  phase  of  a  program  are 
critical.  Involving  only  simple  computer  models  (or 
hand  calculations),  the  analysis  relies  primarily  on 
experience.  Consequently,  thermal  analysts  with 
broad  backgrounds  of  practical  experience  are  essen¬ 
tial  for  this  phase.  Later  on  in  the  program,  these 
same  people  can  lead  a  team  of  less  experienced  ana¬ 
lysts  in  performing  the  various  subtasks  of  standard 
detailed  analyses. 

Demonttration  and  Validation  Phaaa 

In  this  phase  (see  Table  2-4),  several  candidate 
.solutions,  selected  from  those  considered  in  the  con¬ 
ceptual  phase,  are  refined  through  more  rigorous 
evaluations.  A  preferred  solution  is  selected,  and 
other  solutions  are  designated  as  backups. 

Part  temperatures  are  then  predicted  by  perform¬ 
ing  thermal  analyses  such  as  those  described  in 
Chapter  8.  When  appropriate,  developmental  testing 
is  also  performed. 

On  the  basis  of  the  accurate  temperature  predic¬ 
tions  and  measurements  that  have  been  made,  life- 
cycle  costs  are  predicted. 

Design  optimization  studies  are  then  undertaken 
to  minimize  these  costs  by  modifying  circuit  design, 
part  selection,  and  part  placement  so  as  to  reduce 
part  temperatures  and  thereby  increase  reliability. 
(Available  automated  optimization  techniques  are 
described  in  Chapter  8.)  Such  changes  generally 
result  in  trade-offs  of  two  types: 

•  Electrical  circuit  performance  traded  for 
increased  reliability. 

•  Design  and  manufacturing  costs  traded  for 
reduction  in  operation  and  maintenance  costs. 


TABLE  2-4.  THERMAL  TASKS  IN 
DEMONSTRATION  AND  VALIDATION  PHASE 

•  Refine  candidate  thermal  design  solu¬ 
tions  by  performing  detailed  thermal  analy¬ 
ses  and  developmental  tests. 

1 .  Perform  trade-off  analysis  of  candidate 
solutions. 

2.  Select  preferred  solution  and  document 
other  candidate  solutions  for  use  as  back¬ 
ups  for  the  preferred  solution. 

3.  Justify  the  preferred  solution  by  detailed 
thermal  analysis  and/or  testing. 

4.  Determine  thermal  stresses  on  basis  of 
predicted  equipment  temperature  for 
preferred  solution. 

5.  Perform  life-cycle  cost  optimization 
studies. 

•  Submit  Thermal  Design  Reports 

before  Design  Reviews. 
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TABLE  2-5.  THERMAL  TASKS  IN 
FULL-SCALE  ENGINEERING 
DEVELOPMENT  PHASE 

•  Verify  thermal  design  through  analysis 
and  tests  simulating  operating  conditions. 

1.  Prepare  Thermal  Test  Plan  including 
the  following; 

a.  what  the  test  verifies 

b.  detailed  description  of  tests 

c.  instrumentation 

d.  test  schedule. 

2.  Submit  Thermal  Test  Plan  before  Test 
Readiness  Review. 

3.  Perform  test. 

4.  Evaluate  test  data. 

•  Develop  screening/burn-in  procedures 
and  apply  to  hardware: 

a.  thermal  profiles 

b.  design  of  apparatus 

c.  instrumentation. 

•  Submit  Thermal  Test  Reports  before 
Design  Reviews. 


TABLE  2-6.  THERMAL  TASKS  IN 
PRODUCTION  PHASE 

•  Verify  that  operating  thermal  character¬ 
istics  of  the  equipment  are  within  specified 
tolerances  of  design  values. 

1 .  Specify  tolerances. 

2.  Develop  Acceptance  Test  Procedures. 

3.  Perform  acceptance  tests. 

•  Implement  screening/burn-in  proce¬ 
dures  and  adapt  to  hardware  and  schedule. 


Results  of  the  analyses  made  during  this  phase 
are  documented  in  thermal  design  reports  submitted 
to  the  Procuring  Activity  before  the  various  design 
reviews. 

FuH-Seah  Engkt—rktg  Dwhpmmrt  Phmt 

In  this  phase,  thermal  analyses  and  tests  are  per¬ 
formed  to  verify  the  thermal  design.  Thermal  analy¬ 
sis  and  testing  are  described  in  Chapters  8  and  9, 
respeaively. 

Although  the  reliability  engineer  is  responsible  for 
specifying  the  test  requirements  and  generating  the 
test  plan,  the  thermal  engineer  should  also  participate 
in  this  work.  After  a  thorough  evaluation  of  the  test 
results,  the  thermal  adequacy  of  the  design  is 
assessed. 

The  system  or  equipment  also  is  tested  under 
conditions  of  the  specified  mission  profiles,  per  MIL- 
STD-781*"*^  (see  Table  2-5).  The  tests  are  usually 
performed  on  a  full-scale  engineering  model  nearly 
identical  to  the  production  model. 

The  thermal  and  reliability  engineers  also  col¬ 
laborate  in  developing  thermal  screening  and  burn-in 
procedures,  as  described  in  Chapter  10.  The  reliabil¬ 
ity  engineer  specifics  the  limits  of  the  thermal  stresses 
to  which  the  equipment  is  to  be  subjected.  The  ther¬ 
mal  engineer  ensures  that;  (1)  the  thermal  profiles 
are  implemented  properly,  (2)  the  thermal  designs  of 
the  screening  setups  are  adequate  to  produce  the 
required  thermal  stresses,  and  (3)  the  part  tempera¬ 
tures  will  be  correctly  measured.  These  efforts  should 
be  coordinated  with  the  responsible  engineering 
authority  and  production  engineering. 

Pro</uction  Phan 

As  Table  2-6  indicates,  the  objective  of  the  ther¬ 
mal  program  in  this  phase  is  primarily  quality  assur¬ 
ance.  The  reliability  engineer,  in  concert  with  the 
thermal  engineer  and  production  personnel,  establish 
thermally  acceptable  production  tolerances.  Then 
they  establish  means  of  verifying  that  the  production 
hardware  will  operate  within  the  tolerances. 

In  the  event  that  changes  in  hardware  design, 
fabrication  processes,  or  materials  are  made  during 
the  production  phase,  the  changes  should  be  reviewed 
by  the  thermal  engineer  before  implementation  to 
make  sure  they  will  not  degrade  reliability. 


GETTING  Tl«  TIKRMAL  TASKS  DONE 
PttOPERLY 

There  are  two  avenues  through  which  the  reli¬ 
ability  engineer  of  the  Procuring  Activity  can  make 
sure  that  the  thermal  tasks  on  a  program  are  prop¬ 
erly  carried  out:  the  Request  for  Proposal  (RFP), 
and  the  mechanisms  set  up  for  monitoring  the 
program. 

Preparing  tha  Raguaat  for  Propoaal 

Within  the  various  elements  of  the  RFP,  the  fol¬ 
lowing  thermal  requirements  should  be  included. 

Inatructkma  to  BkUara.  These  instructions  should 
specify  that  the  bidder’s  proposal  include  a  thermal 
treatment  containing  as  a  minimum  the  items  listed 
in  Table  2-7. 

Statamant  of  Work  (SOW).  The  SOW  should 
sptecify  that  the  contractor  establish  a  properly 
planned,  funded,  and  staffed  thermal  program. 

Equipmant  SpacMhation.  The  specification  should 
include  the  baseline  thermal  requirements  and  essen¬ 
tial  design  data  itemized  earlier  in  Table  2-3. 

Contract  Data  Rarparamanta  Liat  (CORD.  The 
CDRL  should  contain  specific  thermal  items. 

These  items  may  be  included  either  separately  or 
as  part  of  a  more  general  reliability  data  item  (see 
Table  2-8).  If  they  are  hidden  within  another 
C^DRL  item,  it  is  important  to  make  sure  that  they 
receive  proper  attention.  To  avoid  generating  new 
Data  Item  Descriptions  (DIDs),  it  is  recommended 
(hat  the  reliability  DIDs  be  modified  to  include  the 
thermal  items.  Sample  wording  is  provided  in  the 
panel  below. 


TABLE  2-7.  THERMAL  PORTION  OF  THE 
PROPOSAL 

The  themud  portion  ahall  include,  M 

1 .  Identification  of  all  thermally  related 
issues  and  risks. 

2.  How  the  supplier  proposes  to  resolve 
issues  and  risks,  including  as  a 
minimum: 

a.  thermal  analyses  to  be  performed 

b.  trade-off  studies  to  be  performed 

c.  tests  to  be  performed 

d.  schedule  in  which  each  task  is 
started  and  completed 

e.  manner  in  which  the  tasks  are  to  be 
monitored. 

3.  Reporting  and  type  of  documentation. 

4.  Identification  of  the  portion  of  the  total 
resources  allocated  to  the  thermal  design. 

5.  Organization,  including: 

a.  key  personnel  and  qualifications 

b.  relationships  between  thermal 
management,  reliability  manage¬ 
ment,  and  other  key  program 
ptersonnel. 


For  this  contract,  Data  Item  Description 
No.  DI-R-7082,  “Reliability  Predic¬ 
tions  Report,”  is  modified  to  add  the  fol¬ 
lowing  item:  The  junction  and  hot-spot 
temperatures  listed  in  the  Reliability 
Pre^ctions  Report  shall  be  obtained 
from  a  detailed  thermal  analysis,  con¬ 
ducted  down  to  the  part  levd.  The  Re¬ 
port  shall  include: 


1.  description  of  the  equipment  analyzed 
(assembly  drawing  numbers,  dates) 

2.  sources  of  estimates  of  part  dissipa¬ 
tions 

3.  thermal  resistances  (values  used, 
assumptions,  coolant  flow  rates) 

4.  sources  of  estimates  of  sink  tempera¬ 
tures 

5.  analysis  method. 
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TABLE  2-8.  TM RMAL  DATA  ITEMS 


RcUakility  Data  Itemfs)  in 
Which  the  Thmaal  Data  Item 

Caa  Be  Cited 

When  Typically  Delivered 

(See  M1L-STD-785B,  p.  A-31) 

Tablefs)  in 

Program 

Which  Contents 

Thermal  Data  Item 

Phase 

Milestone 

Number 

Title 

Are  Described 

Thermal  Program  Plan 

CONCEPT 

Proposal 

Dl-R-7079 

Reliability 

Program  Plan 

2-7 

Thermal  (Preliminary) 

CONCEPT 

Preliminary  Design 

DI-R-7080 

Reliability  Status 

2-2,  2-9 

Design  Report 

Thermal  (Detailed) 

or  VALID 

Review 

DI-R-7082* 

Report 

Reliability 
Predictions  Repon 

VALID 

Critical  Design 

DI-R-7080 

Reliability  Status 

2-4,  2-9 

Design  Report 

or  FSED 

Review 

Report 

Dl-R-7082* 

Reliability 
Predictions  Repon 

Thermal  Analysis 

VALID 

Critical  Design 

DI-R-7082* 

Reliability 

Panel  on  p.  9 

Report 

or  FSED 

Review 

Predictions  Repon 

Thermal  Test  Plan 

FSED 

Test  Readiness 

DI-R-7080 

Reliability 

2-5 

Review 

Status  Report 

Dl-R-7033 

Plan,  Reliability 
Test 

Thermal  Test  Report 

FSED 

Design  Review 

Dl-R-7080 

Reliability 

Status  Report 

2-5 

Thermal  Aspects  of 

FSED 

Design  Review 

DI-R-7080 

Reliability 

2-5 

Screening/Burn-in 

Procedures 

Production  Readiness 
Review 

DI-R-7040 

Status  Report 

Report,  Burn-in 

Test 

Thermal  Aspects  of 

PROD 

Production  Readiness 

DI-R-7035 

Procedures, 

2-6 

Acceptance  Test 

Review 

Reliability  Test 

Procedures 

and  Demonstration 

Thermal  Portions  of 

Periodically 

Regular  Intervals; 

DI-R-7080 

Reliability 

2-9 

Progress  Reports 

For  Example,  End  of 
Month 

Status  Report 

*D1-R-709S.  ‘‘Reliability  Prcduiion  and  Documentutitm  of  Suppi.'iing  Daia”  is  often  required 

n  lieu  (if  DI-R-7082. 

These  guidelines  apply  not  only  lo  the  Govern¬ 
ment  but  also  to  reliability  engineers  in  prime  con¬ 
tractor  and  subcontractor  organizations.  If  thermal 
tasks  have  not  been  specified,  the  contractor  reliabil¬ 
ity  engineer  should  ensure  that  they  are  included  in 
the  overall  program. 


to 


Monitoring  tho  Program 

The  primary  tool  for  monitoring  the  thermal  pro¬ 
gram  is  the  Formal  Design  Review.  Normally  there 
are  four  of  these  reviews: 

•  Preliminary  Design  Review 

•  Critical  Design  Review 

•  Test  Readiness  Review 

•  Production  Readiness  Review. 

.Subjects  to  be  covered  in  each  of  these  reviews  are 
briefly  outlined  in  Table  2-9. 


TABLE  2-9.  MONITORING  THE  THERMAL  MANAGEMENT  PROGRAM 


Program  Reviews 

Additional  Monitoring  Methods 

Preliminary  Design  Review 

Results  of  studies  and  investigations  of  alternative  design 
concepts  and  problem  solution  concepts  shall  be  presented.  The 
candidate  solutions  shall  be  discussed  and  justiHcations  for  the 
selection  of  the  candidate  solutions  shall  be  presented.  All  con¬ 
clusions  reached  during  the  investigations  shall  be  substantiated 
by  thermal  analysis  and/or  tests  and  submitted  to  the  Procuring 
Activity. 

Critical  Design  Review 

The  results  of  detailed  thermal  design  analysis  and  develop¬ 
ment  testing  shall  be  reviewed.  Justification  for  the  selection  of 
the  preferred  solution  shall  also  be  presented.  A  Thermal  Analy¬ 
sis  Report,  supporting  the  thermal  adequacy  of  the  design,  shall 
be  submitted  to  the  Procuring  Activity. 

Test  Readiness  Review 

The  Thermal  Test  Plan  for  thermal  testing  to  be  performed 
during  the  full-scale  engineering  development  phase  shall  be 
reviewed  and  critiqued.  Appropriate  additions  and/or  modifica¬ 
tions  shall  be  made  and  implemented. 

Production  Readiness  Review 

The  thermal  analysis  and  test  results  shall  be  evaluated  to 
assess  whether  the  design  meets  the  thermal/reliability  require¬ 
ments  and  objectives  of  the  program. 

Progress  Reports 

The  progress  reports  submitted  to  the 
customer  should  report  the  status  of  the  pro¬ 
gram  and  include  results  of  the  latest  analy¬ 
ses,  studies,  and  investigations.  Substantiat¬ 
ing  data,  such  as  preliminary  thermal 
analysis  or  preliminary  thermal  test  reports, 
should  be  submitted  with  the  report. 

Internal  Design  Reviews 

Internal  design  reviews  should  be  held 
before  each  formal  program  review.  The  ma¬ 
terial  to  be  presented  should  be  reviewed  and 
critiqued  rigorously,  so  that  the  thermal 
issues  discussed  at  the  formal  reviews  are 
minimized. 

Review  of  Design  Changes 

Proposed  design  changes  related  to  ther¬ 
mal  design,  reliability,  and  circuit  design  are 
reviewed  by  all  affected  parties  before  imple¬ 
mentation. 
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TABLE  2-1 0.  QUESTIONS  TO  BE 
ADDRESSED  AT  REVIEWS 

j  The  foUowing  questions  ahould  be 
I  addreMed  at  profram  reviews: 

•  Early  design  phase  involvement  of  thermal 
engineer? 

•  Thermal  environment  tailored  to  the 
application? 

•  Part  dissipations  minimized  and  known 
accurately? 

•  OiKtling  technique  appropriate  for  dissipa¬ 
tion  density,  sink  temperatures,  etc? 

•  Parts  placed  and  laid  out  to  maximize 
reliability? 

•  Parts  mounted  to  minimize  operating 
temperatures? 

•  Blowers  selected  and  installed  properly, 
and  blower  noise  txtnsidered  ? 

•  C(K)lam  flow  passages  designed  to  enhance 
cooling  of  parts  and  to  minimize  pressure 
drop? 

•  Reliability  predictions  based  on  appro¬ 
priate,  accurately  evaluated  part 
temperatures? 

•  Thermal  tests  realistic,  instrumented 
adequately,  interpreted  correctly? 

•  Screening  done  at  most  cost-effective  level  of 
assembly? 

•  Thermal  parameters  of  screening  proce¬ 
dures  appropriate  for  program? 

•  Thermal  survey  performed  beforehand? 

•  Part  temperatures  measured  during 
screening? 

•  Method  established  to  ensure  that  operating 
temperatures  of  delivered  equipment  will 
be  within  specified  tolerances? 


At  these  reviews  government  or  contractor  reli¬ 
ability  engineers  can  help  to  prevent  omissions  in  the 
thermal  program  or  errors  in  the  thermal  design  by 
asking  appropriate  questions.  Table  2-10  is  a  check¬ 
list  of  such  questions. 

In  addition  to  the  Formal  Design  Reviews,  other 
valuable  tools  for  monitoring  the  thermal  program 
are  progress  reports,  interim  design  reviews,  and 
the  review  of  design  changes.  Guidelines  for  the 
employment  of  these  monitoring  tools  are  included  in 
Table  2-9. 

SUMMARY 

Thermal  management  begins  at  the  Procuring 
Activity  with  the  baseline  thermal  requirements 
in  the  equipment  specifleation  and  the  tasks  and 
monitoring  methods  expressed  in  the  Statement  of 
Work.  The  proposal  provides  a  means  of  evaluat¬ 
ing  the  thermal  approach  and  qualifications  of  the 
candidate  contractor  or  subcontractor.  Thermal 
tasks  are  performed  during  the  conceptual,  dem¬ 
onstration  and  validation,  full-scale  engineering 
development,  and  production  phases.  The  thermal 
management  program  is  monitored  by  program 
reviews,  progress  reports,  internal  design  reviews, 
and  contract  deliverable  data. 
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CHAPTER  3 

TAILORING  OF  THERMAL  MANAGENKNT  PROGRAMS 


The  preceding  chapter  outlined  the  tasks  that 
would  be  performed  in  an  ideal,  comprehensive 
thermal  management  program.  In  some  instances, 
certain  of  the  tasks  and  procedures  outlined 
either  are  not  applicable  to  the  particular  equip¬ 
ment  that  is  being  developed  or  are  not  cost- 
eflective.  When  that  is  so,  the  thermal  program 
must  be  tailored  to  the  development  program. 
While  effective  tailoring  can  result  in  substantial 
cost  savings,  improper  tailoring  can  be  costly. 

This  chapter  discusses  the  various  methods  of  tai¬ 
loring  and  the  pitfalls  to  be  avoided  in  their  use. 

THE  TRADE-OFF  INVOLVED  IN  TAILORING 

In  most  cases,  tailoring  involves  a  trade-off 
between  cost  savings  and  risk — the  savings  that  may 
be  realized  in  the  cost  of  the  thermal  program;  the 
risk  of  overlooking  a  deficiency  in  thermal  design.  As 
the  cost  is  reduced,  the  risk  grows  increasingly  (see 
Figure  3-2). 

The  crux  of  successful  tailoring,  therefore,  is  cor¬ 
rectly  assessing  the  risk.  Evaluating  it  is  invariably 
imprecise  and  subjective.  Nevertheless,  if  the  correct 
methtxl  of  tailoring  is  chosen  and  it  is  Judiciously 
applied  by  an  experienced  engineer,  the  cost  of  a 
sound  thermal  program  can  be  substantially  reduced 
without  incurring  an  appreciable  risk. 

TAILORING  METHODS 

Over  the  years,  four  basic  methods  of  tailoring 
have  proved  to  be  highly  effective  (when  properly 
used)  and  so  are  recommended  here.  They  include: 

(1)  overdesign  of  the  cooling  system,  (2)  cxincentration 
on  thermally  sensitive  and/or  high-dissipation  parts, 
(3)  verification  that  operating  temperatures  fall  with¬ 
in  conservative  upper  limits,  and  (4)  analysis  by  com¬ 
parison  with  similar  hardware. 

TtUorkig  Mmthod  l—Oyftr^Mgn  tht  Cooling  Syotow 

In  some  applications,  it  may  be  feasible  to  avoid 
an  extensive  thermal  program  simply  by  overdesign¬ 
ing  the  ctxiling  system.  For  example,  cooling  of 
ground-based  electronic  equipment  might  be  accom¬ 
plished  with  one  or  more  large  blowers,  as  shown  in 
Figure  3-3.  Applications  in  which  power  consump- 


Figure  3-1.' Tailoring  can  trim  the  coat  of  a  detailed 
thermal  program. 


Figure  3-2.  Tailoring  is  an 
economic  trade-off. 
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Figure  3-3.  Overdesigning  the  cooling  sys¬ 
tem  can  save  the  cost  of  thermal  design 
analysis  and  test.  However,  there  might  be 
"hot  spots."  even  with  a  large  cooling 
system. 


Figure  3-4.  Concentrating  on  thermally 
sensitive  parts  can  reduce  the  cost  of  ther¬ 
mal  design  and  analysis,  but  some  thermally 
ssnaitive  parts  might  be  overlooked. 


tion,  weight,  and  volume  are  not  critical  make  good 
candidates  for  this  tailoring  method.  The  cost  of  the 
extra  cooling  capacity  may  be  a  small  fraction  of  the 
total  system  cost,  and  possibly  a  good  deal  less  than 
the  .cost  of  a  detailed  thermal  program. 

This  method,  of  course,  has  its  pitfalls.  If  the 
blowers  are  added  without  due  consideration  for  indi¬ 
vidual  cooling  requirements,  the  cooling  system  may 
very  well  turn  out  to  be  inadequate,  rather  than  over- 
designed.  For  example,  some  parts  in  units  that  are 
cooled  by  free  or  forced  convection  of  air  may  be 
located  in  stagnant  zones,  and  even  with  large  blow¬ 
ers,  parts  having  high  px>wer  dissipations  may  over¬ 
heat  unless  the  air  is  ducted  over  them.  Also,  the  reli¬ 
ability  of  the  motors  and  blowers,  as  well  as  possible 
problems  due  to  acoustic  and  radio  noise  (electro¬ 
magnetic  interference),  must  be  considered. 

Tailoring  Mothod  2 — Concantrato  on  Tharmally 
Sansitiva  and/or  High-Diasipation  Parts 

In  some  programs,  detailed  thermal  studies  need 
to  be  performed  only  on  certain  sensitive  groups  of 
parts.  For  example,  part  lempterature  predictions 
could  be  made  only  for  the  semiconductor  devices 
(discrete  semiconductors  and  microelectronic  devices) 
in  a  given  unit.  Concentrating  on  such  parts  could 
save  the  expense  of  thermal  analysis  of  the  other 
parts,  possibly  numbering  into  the  thousands.  Whole 
blocks  of  nonsensitive  parts  could  be  assigned  an 
average  temperature.  Or,  if  they  are  an  insignificant 
portion  of  the  lot,  they  could  be  overlooked  alto¬ 
gether.  This  approach  can  be  especially  justified 
when  these  other  parts  are  non-dissipating  (e.g., 
capacitors  and  connectors). 

The  risk  of  this  tailoring  method  is  that  one  or 
more  potential  thermal  problems  may  be  overlooked. 
The  risk  is  especially  great  ir;  equipment  containing 
high-dissipation  parts. 

Often  a  viable  alternative  or  a  complementary 
approach  is  to  concentrate  on  high-dissipation  parts 
such  as  semiconductors  and  resistors  (at.  shown  in 
Figure  3-4).  These  may  become  excessively  hot  or 
cause  temperature-sensitive  parts  to  fail,  unless  spe¬ 
cial  measures  are  taken  to  remove  the  heat. 

Tailoring  Mathod  3 — Varifying  That  Oparating 
Tamparaturas  Pad  within  Conaarvativa  LImita 

In  situations  where  the  equipment  will  be  operat¬ 
ing  in  a  particularly  benign  environment  or  where 
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the  pans  arc  grossly  undersiressed,  a  detailed  thermal 
analysis  may  not  be  necessary.  All  that  is  required 
then  is  to  verify  that  the  o[)erating  temperatures  of 
the  critical  parts  will  indeed  fall  within  conservative 
upper  limits. 

For  example,  data  exist  that  enable  maximum 
acceptable  temperatures  to  be  assigned  for  certain 
types  of  parts  in  some  applications.  Figure  3-5  shows 
various  temperature  levels  for  a  semiconductor  having 
a  maximum  operating  junction  temperature  of 
I75°C.  Experience  has  shown  that,  in  a  certain  stan¬ 
dard  space  flight  environment  and  for  a  certain  stan¬ 
dard  mission  duration,  the  mean  time  to  failure  will 
be  significantly  longer  than  the  mission  duration  if 
the-junction  temperatures  are  less  than  lOO^C. 
Therefore,  if  the  junction  temperature  of  a  specific 
part  of  this  type  can  be  shown  by  an  inexpensive 
thermal  analysis  to  be  less  than  lOO^C,  then  a 
detailed  thermal  analysis  may  be  unnecessary. 

The  risk  of  this  method  is  that  such  a  universal 
criterion  might  be  inappropriate  to  the  particular 
application.  In  other  words,  the  mission  duration  and 
electrical  stress  could  be  different  than  those  upon 
which  the  criterion  is  based. 

Tailoring  Mothod  4 — Antlyzo  by  Comporiton  with 
Similar  Hardwara 

Often  the  hardware  Iteing  developed  is  a  slight 
modification  of  hardware  developed  in  a  previous 
program  or  employs  standard  modules  (see  Figure 
3-6).  If  the  earlier  hardware  has  proven  to  be  reli¬ 
able  in  the  field  or  has  been  predicted  to  be  thermally 
adequate  in  the  previous  program,  the  new  thermal 
|)rogram  can  be  tailored  to  cover  only  the  differences 
Itetween  the  original  and  new  hardware.  A  relatively 
inex[)ensive  thermal  analysis  may  suffice  to  show  that 
the  new  parts  will  operate  ctKtler  than  the  previous 
ones  or  hotter  by  mi  more  than  an  acceptable 
amount. 

The  risk  tif  such  a  cursory  analysis  is  that  signiFi- 
lani  differences  between  the  two  designs  might  be 
overlooked.  Key  factors  to  consider  are  part  dissipa¬ 
tions  and  mounting  techniques. 

Othar  Tailoring  Mathoda 

There  are,  of  course,  other  forms  of  tailoring.  In 
fact,  virtually  every  thermal  program  involves  some 
degree  of  tailoring.  Kutting  an  experienced  thermal 
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Figure  3-5.  Cost  of  a  thermal  program  can 
be  reduced  by  verifying  that  conservative 
temperature  limits  will  not  be  exceeded,  as 
in  this  example. 


Figure  3-6.  Comparison  with  previous  hard¬ 
ware  can  reduce  the  scope  of  the  required 
thermal  analysis,  but  a  cursory  analysis 
might  overlook  significant  differences. 
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Figure  3-7.  Waiving  thermal  analyses  and 
tests  can  result  in  expensive  failures  in  the 
field. 


engineer  on  the  Job,  for  example,  will  in  itself  enable 
certain  cost-saving  shortcuts  to  be  taken.  Then,  too, 
not  all  tailoring  is  aimed  at  scaling  down  the  thermal 
prt^ram.  Where  a  human  life  or  the  success  of  a 
critical  mission  depends  on  the  reliable  operation  of 
the  equipment  being  developed,  the  thermal  program 
may  be  tailored  up,  rather  than  down. 

THE  DANGER  IN  WAIVING  THERMAL  ANALYSES 
AND  TESTS 

All  too  often,  thermal  analyses  and  tests  are  omit¬ 
ted  with  no  Justification  other  than  a  belief  that 
money  will  be  saved.  This  practice  is  mentioned  here 
only  to  warn  the  reliability  engineer  and  program 
manager  against  employing  it. 

The  cost  of  sound  thermal  analysis  is  only  a  small 
fraction  of  the  total  cost  of  a  military  electronics  pro¬ 
gram.  And  thermal  analysis  often  uncovers  potential 
reliability  problems  at  the  outset,  when  they  can  be 
corrected  inexjjensively.  Invariably  the  cost  of  correc¬ 
tive  action  after  hardware  is  built  far  exceeds  the  cost 
of  whatever  original  thermal  analyses  would  have 
been  necessary  to  obviate  such  action. 

The  importance  of  thorough  thermal  tests  is  illus¬ 
trated  by  the  results  of  a  1971  study  by  the  Air  Force 
Flight  Dynamics  Laboratory.*'*  It  revealed  an  almost 
one-to-one  correspondence  between  waiver  of  envi¬ 
ronmental  requirements  or  tests  and  subsequ  .t 
severe  environmental  problems  in  the  field  (see  Fig¬ 
ure  3-7).  Regardless  of  time  or  cost,  environmental 
testing  is  an  essential  part  of  any  reliability  program. 
It  is  not  a  wise  “money-saving”  shortcut.  The  penal¬ 
ties  in  life-cycle  cost  and  availability  can  dwarf  any 
development  cost  savings. 

SUMMARY 

Tailoring  of  thermal  management  programs 
can  provide  a  less  costly,  shortcut  approach  for 
implementing  thermal/reliability  design  into  a 
program.  Recommended  methods  for  tailoring 
include  overdesigning  the  cooling  system,  concen¬ 
trating  on  thermally  sensitive  or  high-dissipation 
parts,  verifying  that  operating  temperatures  fall 
within  conservative  upper  limits,  and  analyzing 
by  comparison  with  similar  hardware.  These 
methods  offer  substantial  benefits  with  some  risk. 
Waiving  thermal  analysis  and  testing  is  extremely 
risky  and  is  not  recommended. 
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PART  U—EVALUA  TION 


CHAPTER  4 

IMPACT  OF  TEMPERA  TORE  ON  RELIABILITY 


Inadequate  thermal  design  is  presently  one  of 
the  primary  causes  of  poor  reliability  in  military 
electronic  equipment.  Thermal  considerations  are, 
therefore,  extremely  important.  This  chapter 
describes  the  effect  of  temperature  on  failure 
rates  of  electronic  parts  and  assemblies,  explains 
the  causes  of  thermally  induced  failures,  a^  out¬ 
lines  the  cost  benefits  to  a  program  of  proper 
thermal  design. 

TEMKRA  TORE  EFFECT  ON  FAILURE  RA  TE 

High  temperature  is  an  enemy  of  most  electronic 
parts.  It  causes  slow  progressive  deterioration  that 
eventually  results  in  catastrophic  failure.  The  time  to 
failure  of  each  part  is  a  statistical  function  of  its 
stress  level  and  the  complex  interrelationship  of  ther¬ 
mal  history  and  chemical  structure.  The  failure  of 
individual  parts  leads  to  equipment  failure. 

Part* 

A  common  source  for  reliability  predictions  of 
military  electronic  parts  is  MIL-HDBK-217.***  Ta¬ 
ble  4-1  shows  that  the  predicted  failure  rate  for  eight 
of  the  14  major  part  categories  in  the  handbook 
depends  on  temperature. 

The  prediaed  temperature  effect  on  part  failure 
rates  is  illustrated  in  Figure  4-1.  The  parts,  one  each 
from  five  of  the  major  part  categories,  were  selected 
randomly  from  those  employed  in  an  actual  fighter 
aircraft  radar  set.  The  failure  rates  are  seen  to 
increase  approximately  exponentially  with  increasing 
temperature. 

AnanMNa 

As  a  tool  for  estimating  the  expeaed  reliability 
improvement  due  to  lower  temperatures,  graphs  were 
developed  for  various  electronic-assembly  types  under 
different  environmental  conditions.  The  types  of 
assemblies  were  selected  to  highlight  the  different  lev¬ 
els  of  reliability  improvement  attributed  to  different 
part-type  populations.  The  sample  electronic  assem¬ 
blies  and  their  part-type  populations  are  shown  in 


TABLE  4-1 .  MAJOR  PART  CATEGORIES 
INMIL-HDBK-217 

*  Microelectronics 

*  Discrete  semiconductors 
Tubes 

Lasers 

*  Resistors 

•  Capacitors 

•  Inductive  devices 

•  Rotary  devices 

*  Relays 
Switches 

•  Connectors 

Wire  and  printed  wire  boards 

Connections 

Miscellaneous 

•  Temperature  dependenee  in  failure-rale  formula 


Figur*  4- 1 .  Failura  rataa  ara  accalafatad  by 
high  tamparaturaa. 
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Figure  4-2.  Analog  and  digital  equipment  have  quite 
different  part-type  populations. 


Figure  4-2.  Figure  4-3  shows  the  effect  of  different 
environments  on  the  reliability  of  a  given  electronic 
assembly.  As  defined  in  MIL-HDBK-217,  the  envi¬ 
ronments  are  airborne,  uninhabited,  fighter  (Aup); 
airborne,  inhabited,  fighter  (A|f);  ground,  fixed  (Gr); 
and  ground,  benign  (Gg). 

The  basis  for  the  graphs  was  predicted  failure 
rates  from  MIL-HDBK-217C,  Notice  1.  The  pre¬ 
diction  assumes  that  each  part  operates  at  the  same 
stress  ratio  and  temperature. 

No  two  electronic  assemblies  are  alike;  therefore 
these  figures  should  be  used  only  for  a  qualitative 
idea  of  the  effect  of  temperature  on  failure  rate. 

FieU  f xpnridncp 

The  predicted  dependence  of  failure  rate  on  tem¬ 
perature  has  been  observed  in  the  field.  For  avionic 
equipment.  Air  Force  studies  concluded  that  20  per¬ 
cent  of  field  failures  are  caused  by  temperature 
effects.*"’  A  recent  study  of  avionic  equipment  con¬ 
cluded  that  the  reliability  of  equipment  cooled  by  free 
convection  is  sensitive  to  temperature  and  that  the 
reliability  of  more  complex  equipment  using  flow¬ 
through  forced-convection  cooling  is  even  more  sensi¬ 
tive  to  temperature,  as  shown  in  Table  4-2.*** 


Figur«  4-3.  The  relationship  of  reliability  to  temperature  depends  on  the  part-type  population  and  the  environment. 


THERMALL  Y  INDUCED  FAILURE  MODES 


Many  failure  modes,  including  those  listed  in 
Table  4-3,  involve  changes  in  the  chemical  composi¬ 
tion  or  physical  structure  of  the  electronic  device.  The 
rate  of  these  chemical  reactions  or  physical  changes 
increases  with  increasing  temperature.  Thus,  oper¬ 
ation  at  high  temperatures  increases  the  failure  rate, 
or  decreases  the  mean  time  between  failures,  by  ac¬ 
celerating  the  rate  at  which  these  undesired  changes 
occur. 

Conversely,  does  this  mean  that  the  colder  a  part 
operates,  the  lower  its  failure  rate  will  be?  Down  to 
temperatures  near  room  ambient,  the  answer  is  “yes.” 
But  at  very  low  temperatures,  the  answer  is  “no.  ”  As 
the  temperature  decreases  below  room  ambient,  the 
."■eaction  rates  slow  down,  tending  to  decrease  the  fail¬ 
ure  rate.  However,  adverse  effects  begin  to 
occur,  including:  (1)  embrittlement  of  materials. 


TABLE  4-2.  IMPROVEMENT  IN  FIELD 
RELIABILITY  OF  AVIONIC  EQUIPMENT 
BY  TEMPERATURE  REDUCTION 


Equipment 

Percent  Decrease  in 
Field  Failure  Rate  per 
°C  Temperature 
Decrease  (%/®C) 

C-141  aircraft 

Forced-convection- 

4 

cooled 

Free-convection- 

1.5 

cooled 

Commercial  aircraft 

2-3 

TABLE  4-3.  TEMPERATURE  EFFECTS  ON  AVIONIC  EQUIPMENT 


Condition  (Type) 

How  Manifested 

Principal  Effect 

Probable  Failure  Mode 

Steady  state — hot 

Ambient  exposure 
Equipment-induced 
Mission-induced  (certain 
steady  state  phases) 

Aging — discoloration 
Insulation  deterioration 
Oxidation 

Expansion 

Reduction  of  viscosity 
Softening — hardening 
Evaporation,  drying 
Chemical  changes 

Cracking — crazing 

Alteration  of  properties 

Shorting 

Rust 

Physical  damage,  increased  wear 
Loss  of  lubrication,  seizing 

Physical  breakdown 

Dielectric  loss 

Steady  state — cold 

Ambient  exposure 
Mission-induced  for  certain 
phases  and  certain  equipment 

Contraaion 

Viscosity  increase 
Embrittlement 

Ice  formation 

Wear,  structural  failure,  binding 
Loss  of  lubricity 

Structural  failure,  cracked  parts 
Structural  failure,  alteration  of 
electrical  properties 

Loss  of  resilience — seal  leaks 

Thermal  cycling 

Ground  operation 

Mission  operation  and  envi¬ 
ronmental  control  system  lim¬ 
its 

Temperature  gradients 
Expansion-contraction 

Repeated  stress  variation  causes 
mechanical  failure  of  parts,  sol¬ 
der  joints,  and  connections;  lift¬ 
ing  of  microcircuit  chips  from 
base  material;  and 
delamination 

Thermal  snock 

Mission  profile 

Geography  and  season 

High  temperature 
gradients 

Mechanical  failure 

Cracks 

Rupture 
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IMPROVEMENT  PER  MODULE 
(FAILURES  PER  MILLION  HOURS) 


Figure  4-4.  Optimized  thermal/reliabitity  designs  can 
produce  savings  in  system  life-cycle  cost. 


(2)  thermal  stresses  resulting  from  differential  ther¬ 
mal  Lontraction  of  dissimilar  materials,  and  (3)  short¬ 
ing  and  corrosion  caused  by  condensed  water  trapped 
within  the  encapsulation.  Thus  failures  are  acceler¬ 
ated  at  very  low  temperatures,  as  well  as  at  very  high 
temperatures. 

The  rate  of  these  failure  processes  has  an  expo¬ 
nential  dependence  on  temperature,  known  as  the 
Arrhenius  relation.  The  failure  rate  of  parts  increases 
exponentially  when  operated  at  very  high  tempera¬ 
tures.  However,  the  depiendence  is  not  this  simple, 
because  other  failure  modes  (e.g.,  those  due  to  vibra¬ 
tion)  txrur  simultaneously  with  temperature-induced 
failures. 

COST  BENEFITS  OF  GOOD  THERMAL  DESIGN 

Improvement  of  equipment  ctxiling  can  improve 
reliability  and  thereby  produce  significant  savings  in 
system  life-cycle  cost.  In  terms  of  decreased  field  sup¬ 
port  cost,  the  benefits  of  gtxid  thermal  design  during 
equipment  development  far  outweigh  the  additional 
acquisition  cost. 

An  example  of  cost-effective  thermal  design  is  the 
arrangement  of  parts  on  a  circuit  bt>ard  to  maximize 
reliability  by  minimizing  the  lemperaiures  of  sensitive 
parts.  A  Hughes  Aircraft  Company  study  of  a  typical 
avionic  system  concluded  that,  if  the  system  were 
redesigned  in  this  way.  the  failure  rate  of  each  mod¬ 
ule  would  decrease  by  an  average  of  1 1  failures  per 
million  hours.  As  shown  in  Figure  4-4,  the  resultant 
savings  in  life-cycle  cost  would  be  $4.5  million.*'*’ 
Other  studies  cited  in  Appendix  F  have  reached  simi¬ 
lar  conclusions. 

SUMMARY 

Failure  rates  of  parts  increase  approximately 
exponentially  with  increasing  temperature.  Inade¬ 
quate  cooling  often  is  considered  the  primary 
cause  of  poor  reliability  in  military  electronic 
equipment  and  has  been  observed  to  cause 
approximately  20  percent  of  all  Held  failures  of 
avionic  equipment.  Good  thermal  design  can  sub¬ 
stantially  improve  reliability  and  thereby  produce 
significant  savings  in  system  life-cycle  cost. 
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CHAPTER  S 

HEAT  THANSFER PRINCIPLES 


To  fully  appreciate  electronic  equipment  cool' 
ing  techniques,  an  understanding  of  heat  transfer 
principles  is  necessary.  This  chapter  discusses 
those  principles. 

FUNDAMENTAL  CONCEPTS 


Temperature 

Temperaiure  is  a  measure  of  how  hoi  or  cold  an 
object  is.  In  physical  terms,  the  temperature  of  an 
object  is  a  measure  of  its  energy.  The  hotter  the 
object  is,  the  greater  its  energy  will  be. 

Thermal  Resistance 

Energy,  in  the  form  of  heal,  flows  naturally  from 
a  hotter  region  to  a  cooler  one.  The  greater  the  tem¬ 
perature  difference  (AT),  the  greater  the  hcai-flow 
rate  (Q)  will  be.  This  relation  can  be  written  as 

AT  =  dQ.  (5-1) 

where  the  proportionality  factor  {6)  is  called  the 
thermal  resistant'e.  If  AT  is  expressed  in  °C  and  Q 
in  watts  (W),  then  the  units  of  6  are  °C/W. 

Dissipation 

Electronic  equipment  requires  electrical  power  to 
operate.  Because  the  parts  are  not  perfectly  efficient, 
much  of  the  power  is  convened  to  heat,  which  causes 
the  temperature  of  the  equipment  to  rise.  The  tem¬ 
perature  will  continue  to  rise  unless  the  heat  can  find 
a  path  by  which  to  leave  the  equipment.  The  purpose 
of  the  cooling  system  is  to  provide  an  effective  heat 
path.  Therefore,  the  most  important  heat-flow  rate  is 
usually  the  dissipation. 

Sinks 

In  the  cooling  of  equipment,  heat  must  be  trans¬ 
ferred  from  the  part  in  which  the  heat  is  generated  to 
an  ultimate  sink.  This  ultimate  sink  is  a  heat  reser¬ 
voir,  such  as  a  body  of  land,  ambient  air,  the  sky,  or 
the  ocean  (Figure  5-1).  It  is  the  final  destination  of 
the  heal.  Such  a  heat  reservoir  can  be  considered  to 
be  infinite.  That  is,  it  is  so  large  that  the  heat  trans¬ 


figure  5- 1 .  Ultimate  sinks  are  the  final  destination 
of  heat. 
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TABLE  5-1 .  FACTORS  THAT  AFFECT  THE 
_ OPERATING  TEMPERATURE _ 

•  Dissipation  •  Thermal  resistance 
•  Sink  temperature 


PART  OPERATII 
TEMPERATURE 


HEAT- 

FLOW 

RATE 

(OISSIPA 

TION) 


OISSIPATION  { 
X 

THERMAL  | 
RESISTANCE 


SINK 

TEMPERATURE 


Figur?  5  -  2 .  The  difference  between  the  part  and  sink 
temperatures  is  the  product  of  the  part  dissipation 
and  the  thermal  resistance. 


TABLE  5-2.  HEAT  TRANSFER  MOOES 

•  Conduction  •  Convection 

•  Radiation 


ferred  frrrm  the  equipment  C.oes  nol  produce  a  signifi¬ 
cant  increase  in  the  reservoir’s  lemperaiure. 

In  many  applications,  the  dissipation  is  trans¬ 
ferred  to  the  ultimate  sink  via  a  /ora/  sink.  Examples 
of  liH'al  sinks  are  a  mounting  platform  and  crxrling 
fluid  provided  by  an  environmental  control  system.  In 
these  applications,  the  Irxal  sink  temperature,  rather 
than  the  ultimate  sink  temperature,  is  relevant  tri  the 
electronic  unit  designer. 

To  minimize  the  operating  temperature,  the  ther¬ 
mal  designer  often  mounts  parts  on  metal,  commonly 
called  heat  sinks.  These  heat  sinks  improve  the  effec¬ 
tiveness  of  the  path  by  which  the  dissipation  is  trans¬ 
ferred  from  the  part  to  the  ultimate  sink. 

THE  COOLING  PROBLEM 

With  these  fundamental  concepts,  the  essence  of 
the  problem  of  cooling  electronic  equipment  can  now 
he  described.  For  a  part  having  a  dissipation  (Q),  a 
sink  temperature  (Tg)  (which  could  be  the  ultimate 
sink,  liKal  sink,  or  heat  sink  temperature),  and  pack¬ 
aged  such  mat  the  thermal  resistance  between  the 
ptirt  and  the  sink  is  6,  the  part  operating  temperature 
(T|.)  is  given  by  Equation  (5-1)  as 

T,,  -  Ts  +  0Q.  (5-2) 

Thus  the  factors  that  affect  the  operating  tem¬ 
perature  can  be  condensed  to  those  listed  in  Ta¬ 
ble  5- 1 ,  The  lower  each  of  these  factors  is,  the  ctxiler 
the  part  will  operate. 

For  a  given  amount  of  heat  dissipation,  it  follows 
from  Equation  (5-2)  thtit  the  temperature  difference 
lietween  the  part  and  the  sink  is  proportional  to  the 
thermal  resistance  (see  Figure  5-2).  Since  the  tem¬ 
peratures  of  sinks  ftre  usually  fixed,  minimizing  the 
thermal  resistance  is  the  key  to  minimizing  the  oper¬ 
ating  temperature  of  the  part. 

MODES  OF  HEAT  TRANSFER 

Meat  transfer  can  occur  in  the  three  modes  listed 
in  Table  5-2.  Each  mode  and  its  corresponding  ther- 
tiiiil  resistance  are  descril)cd  below. 

Conduction 

(Conduction  is  the  trtinsmission  of  hetti  by  the 
inmsfer  of  kinetic  energy  from  one  molecule  to 


another.  Conduction  can  occur  in  a  solid,  liquid,  or 
gas  and  is  the  only  mode  of  heat  transfer  occurring  in 
an  opaque  solid.  An  example  is  the  transfer  of  heat 
to  the  handle  of  a  metal  spoon  dipped  into  a  cup  of 
hot  coffee. 

Conduction  is  a  very  important  heat  transfer 
mode  for  electronic  equipment.  For  example,  the 
transfer  of  heat  from  the  junction  to  the  case  of  a 
semiconductor  device  occurs  by  conduction.  The 
designer  utilizes  various  portions  of  the  equipment 
(such  as  structural  members,  circuit  boards,  and 
leads)  as  conduction  paths.  The  task  is  to  recognize 
the  available  paths  and  to  minimize  these  thermal 
resistances. 

Thermal  Resistance  to  Conduction.  The  thermal 
resistance  to  conduction  (^^)  is  given  by 

=  L/(kA).  (5-3) 


Figure  5-3.  The  thermal  resistance  to  con¬ 
duction  depends  on  these  parameters. 


The  quantities  L  and  A  are  illustrated  in  Figure  5-3, 
and  k  is  the  thermal  conductivity  of  the  material 
through  which  the  heat  flows.  To  minimize  the  ther¬ 
mal  resistance  to  conduction  of  a  path,  follow  the 
guidelines  listed  in  Table  5-3. 

For  example,  consider  an  integrated-circuit  (IC) 
flatpack  mounted  on  an  avionic  circuit  board  with  a 
thermal-transfer  adhesive.  At  high  altitudes,  all  the 
IC’s  dissipation  flows  through  the  adhesive  bond.  If 
the  bond  thickness  is  7.6  X  10“*  m  (3  mils),  the  flat- 
pack  dimensions  are  9.5  X  10“*m  X  0.015  m  (3/8 
X  19/32  inch)  and  the  adhesive’s  thermal  conduc¬ 
tivity  is  0.17  W/(°C-m),  then  the  bond’s  thermal 
resistance  is 


(7.6  X  10  *m) 


(9.5  X  10 


'm)(0.015m) 


TABLE  5-3.  WAYS  TO  MINIMIZE  THE 
THERMAL  RESISTANCE  TO  CONDUCTION 


•  Short  path  *  Large  area 

•  High  thermal  conductivity 
(See  Appendix  C  for  typical  values) 


If  the  1C  dissipation  is  1/2  W,  then  the  bottom  of 
the  flatpack  case  will  be  1-1/2°C  hotter  than  the  top 
of  the  circuit  board. 
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Figure  5-4.  An  intarface  between  contacting 
surfaces  is  a  relatively  inefficient  heat-flow 
path. 

TABLE  6-4.  WAYS  TO 
MINIMIZE  CONTACT 
THERMAL  RESISTANCE 

*  Large  contact  area 

*  Smooth  surfaces 

*  Soft  contacting  materials 

*  High  contact  pressure 
(high  torque  on  bolts) 

*  Uniform  contact  pressure 

*  Conductive  filler  at  interface 


Figure  5-5.  In  free-convection  heat  trans¬ 
fer,  the  difference  in  density  between  the 
hotter  fluid  at  the  top  and  the  colder  fluid  at 
the  bottom  causes  the  fluid  to  rise. 


Contact  Thermal  naaiatanea.  A  special  case  of  heat 
transfer  by  conduction  occurs  when  the  heat  flows 
across  the  interface  between  two  contacting  surfaces 
(Figure  5-4).  Examples  of  such  interfaces  in  elec¬ 
tronic  equipment  are  bolted  interfaces  and  module 
guides.  Because  contact  interfaces  have  relatively  high 
thermal  resistances  and  often  are  located  in  regions 
where  the  entire  dissipation  of  an  assembly  flows 
across  them,  significant  temperature  differences  can 
occur  across  such  interfaces.  Therefore  the  designer 
should  minimize  the  use  of  such  interfaces;  when 
they  are  used,  follow  the  guidelines  in  Table  5-4  to 
minimize  the  contact  thermal  resistance. 

Junction-to-Caaa  Tharmal  Raaiatanea.  The  thermal 
resistance  between  the  junction  and  case  of  a  semi¬ 
conductor  device  (dje)  is  a  key  faaor  in  reliability. 

As  an  example,  for  a  54S181  IC  flatpack, 

=  11°C/W  (referred  to  the  bottom  center  of  the 
case).  If  the  IC  dissipates  1  /2  W,  then  the  junction 
will  be  5-1 /2®C  hotter  than  the  bottom  center  of  the 
case.  Thus  the  junction  will  be  at  least  5-1/2°C  hot¬ 
ter  than  the  sink,  no  matter  how  low  the  case-to-sink 
thermal  resistance,  since  dje  is  a  fixed  internal 
resistance. 

Convaetion 

Convection  is  the  primary  mode  of  heat  transfer 
between  the  surface  of  a  solid  and  a  fluid.  An  exam¬ 
ple  is  the  cooling  (^ne  feels  when  sitting  in  front  of  a 
blower.  Heat  transfer  occurs  as  a  result  of  the  motion 
and  mixing  of  the  fluid  which  comes  in  contact  with 
the  surface. 

In  this  guide,  the  resistance  to  the  flow  of  heat  is 
expressed  in  terms  of  the  thermal  resistance  (6).  A 
widely  used  term  in  convection  heat  transfer  is  the 
heat  transfer  coefTtcient  (h),  defined  by 

h  =  Q/(AAT),  (5^4) 

where  A  is  the  heat  transfer  area.  The  relationship 
fjeiween  h  and  9  is 


h  -  1/(«A).  (5-5) 


Low  values  of  9  correspond  to  high  values  of  h.  Mag¬ 
nitudes  of  h  for  various  cooling  techniques  are  listed 
in  Appendix  C. 
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Convection  is  commonly  used  in  cooling  electronic 
equipment.  The  dissipation  is  First  transferred  by 
conduction  to  a  surface  in  contact  with  a  flowing 
fluid  (ItK-al  sink),  then  by  convection  into  the  fluid. 
The  fluid  then  flows  to  another  location,  where  it 
transfers  the  heat  to  the  ultimate  sink.  Convection 
prtK-esses  are  classified  according  to  whether  the  fluid 
motion  occurs  naturally  (free  or  naiuraJ  convection) 
or  is  induced  (forced  convection).  Each  type  of  con¬ 
vection  heat  transfer  is  described  below. 

frM  Convaetioo.  When  fluid  motion  occurs  as  a 
result  of  fluid  density  differences  and  temperature 
gradients,  the  heat  transfer  process  is  called  free  or 
natural  convection  (Figure  5-5).  An  example  is  when 
fixid  is  chilled  by  the  cold  air  (Imal  sink)  in  a  refrig¬ 
erator.  As  the  fluid  comes  in  contact  with  the  hotter 
surface,  the  temperature  of  the  fluid  increases.  The 
density  of  the  fluid  decreases  as  its  temperature 
increases,  causing  the  hotter  fluid  to  rise. 

Important  factors  which  influente  the  thermal 
resistance  to  free  convection  include  temperature  gra¬ 
dients  within  the  fluid  and  the  ItK-aiion  and  orienta¬ 
tion  of  the  surface.  Table  5-5  lists  guidelines  for 
minimiz-ng  the  thermal  resistance  to  free  txmvettion. 

foread  Canvaetian.  When  the  fluid  motion  is 
induced  by  some  external  force,  such  as  a  blower 
(fan)  or  pump,  the  heat  transfer  prixess  is  called 
forced  convection. 

Important  factors  influencing  the  thermal  resis¬ 
tance  to  forced  convection  include  the  type  of  fluid, 
its  vel<K-ity,  and  the  external  characteristics  of  the 
surface  (see  Figure  5-6).  Table  5-6  lists  guidelines 
for  minimizing  the  thermal  resistance.  The  fluid 
employed  to  remove  the  heat  is  called  the  coolant.  Air 
is  commonly  used.  Certain  liquids  having  a  favorable 
combination  of  physical  properties  are  available  com¬ 
mercially  for  use  as  coolants. 

Praaaura  Orap.  When  fluid  flows  over  a  solid 
body  or  inside  a  duct,  the  flow  is  resisted  by  friction, 
flow-area  restrictions,  or  sudden  changes  in  direction. 
As  a  result,  a  pressure  loss  or  “drop”  cxxurs,  and  a 
blower  or  pump  is  required  to  overcome  this  pressure 
drop.  The  higher  the  flow  speed  and  the  more  irreg¬ 
ular  the  surface,  the  higher  the  pressure  drop.  Thus 
there  is  a  trade-off  between  minimizing  thermal 
resistance  and  minimizing  the  required  blower/pump 
power.  Furthermore,  blowers  and  pumps  themselves 


TABLE  8-6.  WAYS  TO  BMNMKSIf  THE 
THERMAL  RESISTANCE  TO  FREE 
CONVECTION 

*  Unreitricled  fluid  current  (such  as  a 
surface  in  open  air) 

*  Vertical  surface  preferable  to  horizontal 

*  Small  vertical  surface  dimensions 

*  Upward-facing  surface  (if  surface  must 
be  horizontal) 

*  Large  area 


Figur*  5-6.  Promoting  fluid  turbulence  is 
an  effective  way  to  increase  the  forced- 
convection  heat  transfer  coefficient. 


TABU  8-8.  WAYS  TO  MSSMITr  THE 
THMIMAL  RESISTANCE  TO  FORCED 
CONVECTION 


I 


TABLE  5-7.  FREE  VERSUS  FORCED 
CONVECTION 


Convection 

Process 

Advantages 

Disadvantages 

I'lrc 

P.isNixr 

Reliilively  hi^h  iherni.il 

resisiame 

Siiuplr 

I'moniroltahle 

Itmrrl 

Rrljtivclv  low  ihmni)l 

Adive  (requires 

resisiiUKi' 

lo  etn  ulaie  nxilani) 

C^onii'ottidilr 

(^<  implex 

TABLE  5-8.  WAYS  TO  MINIMIZE  THE  THERMAL 
RESISTANCE  TO  RADIATION 


f  igure  5-7.  The  rate  of  radiation  heat  transfer  is  a 
strong  function  of  the  emitter  and  absorber 
temperatures. 


dissipate  heat,  which  adds  to  the  load  on  the  cooling 
system.  Therefore  the  geometry  of  the  coolant  flow 
passages  and  the  system  pressure  drop  are  important 
considerations  in  a  forced-convection  system.  For¬ 
mulas  and  data  for  predicting  pressure  drop  aret  pre¬ 
sented  in  Appendix  C. 

Free  Versus  Forced  Cortvection,  The  trade-off 
between  free  and  forced  convection  is  presented  in 
Table  5-7.  Rules  of  thumb  for  selecting  the  type  of 
convection  process  for  specific  applications  are  pre¬ 
sented  in  Chapters  7  and  1 2.  The  following  exam¬ 
ple  demonstrates  the  relative  efficiency  of  the  two 
types  of  convection  heat  transfer.  Consider  a  plate 
having  an  area  of  1  ft*  (0.093  m*)  and  a  temperature 
of  50°C.  The  plate  is  surrounded  by  air  having  a 
temperature  of  20°C.  The  power  transferred  from 
the  plate  to  the  air  by  free  convection  is  10  W.  The 
power  transferred  by  forced  convection  is  more  than 
30  W;  the  amount  depends  on  the  velocity.  For 
additional  information  and  values  used,  refer  to 
Appendix  C. 

Radiation 

The  only  mode  of  heat  tranjifer  that  can  take 
place  across  a  vacuum,  radiation  involves  the  transfer 
of  photons  from  a  hotter  body,  the  emitter,  to  a  cooler 
b<)dy,  the  absorber.  An  example  is  the  heat  one  feels 
when  standing  next  to  a  fireplace. 

Opaque  bodies  absorb  part  and  reflect  the  rest  of 
the  radiant  energy  which  falls  on  the  surface.  The 
amount  absorbed  and  reflected  depends  on  the  sur¬ 
face  characteristics  of  the  body,  such  as  color  and  fin¬ 
ish.  Perfectly  black  bodies  absorb  all  the  radiant 
energy,  whereas  perfectly  shiny  bodies  reflect  all 
energy.  The  radiation  characteristics  of  a  surface  are 
characterized  by  a  dimensionless  quantity  called  the 
emissivity.  A  perfect  absorber  and  emitter  has  an 
emissiviiy  of  unity,  whereas  a  pterfect  reflectoi'  has 
an  emissivity  of  zero.  Real  bodies  have  emissivities 
between  zero  and  om .  Emissivities  of  typical  surfaces 
are  listed  in  Appendix  C.  Table  5-8  lists  guidelines 
for  minimizing  the  thermal  resistance  to  radiation. 

The  rate  of  heat  transferred  by  l  adiation  is  low 
when  the  difference  in  temperatures  between  the 
emitting  and  absorbing  bodies  is  small,  say  20°C  or 
less,  and  the  temperatures  of  the  bodies  are  close  to 
normal  ambient  temperature  (25°C).  As  shown  in 
Figure  5-7,  the  thermal  resistance  decreases  rapidly 
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as  ihe  temperature  difference  increases,  since  the  heat 
transfer  rate  is  proportional  to  the  quantity 
Tf  '  —  T**,  where  Tg  is  the  absolute  temperature  of 
the  emitter  and  I'a  is  the  absolute  temperature  of 
the  absorber.  The  absolute  temperature  is  measured 
relative  to  absolute  zero;  in  the  metric  system,  it  is 
measured  in  °K. 

EieCTR/CAL  ANALOGY 

Electricity  and  heat  transfer  are  analogous,  as 
shown  in  Table  5-9.  Thermal  resistances  are  com¬ 
bined  in  series  and  in  parallel  in  the  same  way  as 
electrical  re'^istances. 

Usually  the  thermal  resistance  from  the  point  of 
heat  generation  to  the  ultimate  sink  consists  of  several 
thermal  resiatances  in  series,  in  parallel,  or  in  combi¬ 
nation.  Figure  5-8  shows  a  thermal  circuit  of  a  pow¬ 
er  transistor  pooled  by  free  convection  to  ambient  air. 
The  thermal  circuit  in  this  example  contains  thermal 
resistances  in  a  series/parallel  combination. 

Thus  the  minimization  of  the  equivalent  thermal 
resistance  of  a  thermal  network  involves  the  minimi¬ 
zation  of  the  resistance  of  each  series  clement  and 
maximization  of  the  number  of  parallel  paths.  This 
principle  is  fundamental  for  the  thermal  design  of 
electronic  equipment. 

HBAT-ADOmON  BFfBCTS  ON  COOLANTS 

The  increase  in  energy  resulting  from  the  absorp- 
litm  of  heat  can  have  two  effects  on  a  coolant:  it  can 
get  hotter,  or  it  can  change  phase.  Each  effect  is 
discussed  below. 

The  temperature  increase  of  a  single-phase  cool¬ 
ant  as  it  flows  through  an  electronic  system  has 
important  reliability  implications.  The  inlet  coolant 
temperature  is  lower  than  the  outlet  (exit  or  exhaust) 
('(xilani  temperature.  As  a  result,  the  parts  at  the  inlet 
end  of  a  module  have  a  lower  local-sink  temperature 
than  do  those  at  the  exhaust  end.  For  this  reason,  the 
reliability  engineer  should  urge  that  temperature- 
sensitive  parts  be  placed  at  the  inlet  end  of  a  module. 

Phase-change  processes,  which  occur  at  constant 
temperature,  include  the  melting  of  a  solid  and  the 
boiling  (vaporization)  of  a  liquid.  They  are  used  in 
the  c(K)ling  of  electronic  equipment  by  heal  pipes  and 
in  applications,  such  as  missiles,  where  the  operating 
duration  of  the  equipment  is  relatively  short. 


TABLE  6-9.  ELECTRICAL  ANALOGY 


Electricity  Heat  Transfer 

Voltage  drop,  E  Temperature  difference,  AT 

Current,  I  Heat-flow  rate,  Q 

Resistance,  R  Thermal  resistance,  B 

E  =  R1  (Ohm’s  law)  AT  =  ffQ 


Figure  5-8.  The  thermal  resistance  between  the 
(unction  and  the  ultimate  sink  is  evaluated  in  the 
same  way  as  an  electrical  network. 
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SUMMARY 

In  the  cooling  of  electronic  equipment,  heat 
must  be  transferred  from  the  dissipating  part,  in 
which  the  heat  is  generated,  to  an  ultimate  sink. 
The  thermal  resistance  between  the  part  and  the 
sink  should  be  minimized  to  keep  the  part 
operating  temperature  low. 

Thermal  resistance  has  different  forms, 
depending  on  the  mode  in  which  heat  is  trans¬ 
ferred.  Heat  transfer  by  conduction  occurs  as  a 
result  of  the  transfer  of  molecular  kinetic  energy. 
Heat  transfer  by  convection  occurs  by  the  motion 
and  mixing  of  a  fluid  in  contact  with  a  surface. 
Free  convection  is  the  natural  result  of  fluid  den¬ 
sity  difierences  and  temperature  gradients,  where¬ 
as  forced  convection  is  induced  by  an  external 
source.  Heat  transfer  by  radiation  is  the  flow  of 
photons  from  a  hotter  body  (emitter)  to  a  cooler 
body  (absorber).  The  thermal  resistances  for  the 
various  modes  of  heat  transfer  can  be  combined 
in  series/parallel  networks  to  maintain  the  proper 
cooling  of  electronic  equipment. 


Figure  S-9.  Operating  temperatures  are 
determined  by  a  variety  of  aspects  of  the 
system  design. 


CHAPTER  6 

EXPECTED  THERMAL  ENVIRONMENTS 


Expected  thermal  environment*  are  influenced 
by  the  equipment  application,  whether  it  be  air¬ 
borne  (aircraft,  missiles,  satellite,  shuttle  vehicles, 
and  spacecraft)  or  surface  (fixed-ground,  mobile- 
ground,  shipboard,  submarine,  etc.).  This  chapter 
describes  the  process  involved  in  defining  thermal 
environments,  typical  thermal  requirements  based 
on  the  equipment  application,  and  applicable 
military /government  specifications  which  cover 
the  thermal  environments  and  thermal  design  and 
test. 

THE  fiXED  FOR  ENVIRONMENTAL  DEFINITION 

The  most  sophisticated  thermal  models  and  ther¬ 
mal  analysis  computer  programs  still  depend  on  an 
accurate  definition  of  the  thermal  environment  to 
ensure  the  validity  of  the  resulting  part  temperatures 
used  for  reliability  predictions.  Recently,  the  empha¬ 
sis  in  government  procurements  has  been  to  tailor  the 
environmental  definition  to  the  equipment’s  intended 
use,  thereby  avoiding  the  conservatism  associated  with 
blanket  requirements  which  envelop  all  applications. 

For  specific  programs,  considerable  effort  should 
be  expended  in  tailoring  the  thermal  environments 
for  specific  installations  and  missions  using  data  from 
the  same  or  similar  installations  or  generally  accepted 
prediction  techniques.  .Some  of  these  prediction  tech¬ 
niques  are  described  in  certain  military  specifica- 

S-l.  <>-3,  S-  l 

lions. 

To  accomplish  this  task,  engineering  studies  must 
be  undertaken  to  define  service-use  environments 
asstx'iated  with  transportation,  storage,  and  operation 
of  the  equipment.  For  example,  to  assess  the  thermal 
environment  for  aircraft  equipment,  one  would  con¬ 
sider  the  factors  listed  in  Table  6-1. 


TABLE  6-1 .  FACTORS  AFFECTING  THE  THERMAL 

ENVIRONMENT  OF  AVIONIC  EQUIPMENT 

Aircraft  Mission  Profiles 

•  how  fast  does  it  fly? 

•  how  long  does  it  fly? 

•  how  high  does  it  fly? 

Equipment  Location  in  the  Aircraft 

•  environmental  control  system  (ECS) 
air-conditioned  compartment? 

(e.g.,  cockpit  or  crew  area) 

•  non-conditioned  compartment? 

(e.g.,  radome) 

•  ram  air-cooled  compartment  ? 

(e.g.,  an  avionics  pod) 

Type  of  Equipment  Cooling 

•  ECS,  ram,  etc. 

•  internal  cooling  using  cold  plates 
(see  Chapter  7) 


Using  these  data  and  simplified  thermal  models, 
the  equipment’s  maximum  and  minimum  operating 
and  non-operating  ambient  temperature  requirements 
can  be  derived,  along  with  the  rates  of  temperature 
change  expected  for  the  equipment  usage  scenario. 

An  example  is  shown  in  Figure  6-1. 
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Figure  6-1.  Mission  profile  test  requirements,  such  as  these  for  electronics  aboard  a  typical  combat  jet 
aircraft,  have  a  significant  effect  on  the  equipment  thermal  design. 
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TYPICAL  THERMAL  REQUIREMENTS  BASED  ON 
APPLICATION 


Airborne  Applications 

Table  6-2  shows  some  typical  thermal  environ¬ 
ments  for  various  airborne  applications.  The  inten¬ 
tion  here  is  to  give  the  reliability  engineer  a  feel  for 
the  relative  magnitudes  of  temperatures  and  rates  of 
change  of  temperature  to  expect  for  typical  aircraft, 
missiles,  and  space  vehicles.  The  temperatures  shown 
are  ambient  tempteratures,  except  (1)  mounting  sur¬ 
face  temperatures  are  used  for  space  applications, 
since  conduction  heat  transfer  paths  are  employed  to 
remove  the  parts’  dissipation,  and  (2)  skin  and  struc¬ 
ture  temperatures  are  used  for  missile  applications, 
since  parts  are  usually  cooled  by  conduction  to  the 
missile  structure.  The  non-operating  temperature 
range  applies  when  equipment  is  in  storage,  in  trans¬ 
port,  or  left  inoperative  in  its  installation  (e.g.,  an 
aircraft  parked  on  a  runway).  The  operating  tem¬ 
perature  applies  to  all  ground  (e.g.,  built-in  test)  and 
airborne  mission  phases  when  the  equipment  is  oper¬ 
ational.  The  rate  of  temperature  change  is  generally 
based  on  an  analysis  of  the  vehicle  mission. 


TABLE  6-2.  TYPICAL  THERMAL  ENVIRONMENTS  FOR  VARIOUS  AIRBORNE  APPLICATIONS 


Application 

Location  or 
Mission  Phase 

Non-Operating  Ambient 
Temperature  Range,  °C 

Operating  Ambient 
Temperature  Range, 

Maximum  Rale  of 
Temperature  Change, 
®C/min 

Aircrafi 

Radomc 

-57  to  95 

-54  to  100 

20 

Internal  equipment  bay 

-57  to  95 

—  54  to  71 

20 

Cockpit 

-54io7l 

Oto  32 

NA 

Missile* 

Captive  flight 

-54  to  95 

-54  to  113 

40 

Free  flight 

NA 

-54  to*** 

•  •• 

Spacccrafi** 

Launch  pad 

-30  to  75 

NA 

Orbit 

0to40 

0  to  40 

1  *  All  missile  temperatures  are  skin  temperature's. 

**  All  space  vehicle  temperatures  are  mciuniing  surfat'C  temperatures. 

1  ***  Dependent  on  individual  missile  capability — sec 

detailed  specirication. 
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Surlact  AppKcaHom 

Table  6-3  shows  typical  thermal  environments 
for  surface  applications,  both  land-based  and  naval- 
based.  The  critical  variable  is  whether  the  equipment 
is  located  outside  in  the  elements  or  inside  a  shelter 
(with  or  without  air  conditioning).  In  >  >ost  surface 
cases,  the  rate  of  change  of  temperature  is  negligibly 
slow. 

M>PUCABLE  mJTARY/GOVBHimENT 
SPECIFICATIONS 

Several  military /government  spedfications  define 
thermal  environments  for  both  design  and  test 
purposes. 

MIL-E-B400,  Ehetrome  EmMpmmt,  Akbomt, 

Gantnl  Sp^dScatien  for^ 

This  specification  covers  general  design  require¬ 
ments  for  airborne  electronic  equipment  for  operation 
primarily  in  piloted  aircraft,  missiles,  boosters,  and 
allied  vehicles.  It  includes  different  temperature  and 
altitude  conditions  for  various  classes  of  equipment  as 
shown  in  Table  6-4. 


TABLE  6-3.  TYPICAL  THERMAL  ENVIRONMENTS  FOR  VARIOUS  SURFACE  APPLICATIONS 


AppUcation 

NoB-Opersting  Ambwat 
Temperature  Range,  *C 

Operating  Ambient 
Temperature  Range,  *C 

Maximum  Rate  of 
Temperature  Change 

Fixed  ground 

I)  in  building  without  temp,  control 

-57  to  68 

10  to  40 

Very  slow 

2)  in  building  with  temp,  control 

-57  to  68 

10  to  25 

Very  slow 

Mobile  ground 

-"57  to  68 

-51  to  68* 

Usually  slow 

Shipboard 

1)  externally  mounted 

-51  to  71 

-35  to  48 

Very  slow 

2)  internally  mounted 

-51  to  71 

Oto  50 

Very  slow 

3)  internally  mounted 

Very  slow 

with  temperature  control 

-51  to  71 

10  to  50 

.Submarine 

-62  to  71 

Oto  50 

Very  slow 

1  *  Kffctis  i>r  soUr  radiaiion  imludcd 
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TABLE  6-4.  ENVIRONMENTAL  CONDITIONS  FOR  VARIOUS  CLASSES  OF  EQUIPMENT 

FROM  MIL-E-5400‘  * 


Equipment 

Clan 

Equipment  Operatii^t 

Equipment  Operating 
and  Non-Operating 

Equipment  Non-Operating 

Temperature  Extreme*  for  the  Chamber 
(Without  External  Cooling  Provisions) 

Continuous, 

®C 

Intermittent 

(30  min.),  ®C 

Short* 
time  (10 

min.),  ^ 

Temperature 

Shock, 

Altitude 

Temperature 

Extremes, 

Temperature 

Shock,  *>C 

t:l;is5  I 

-.S4 

+  71 

_ 

-54 

level  to  15,240  m 

-57 

-57 

+  5.S 

lo 

(50.000  fi) 

to 

lo 

+  71 

+  85 

+  85 

Class  lA 

-54 

+  71 

-54 

Sea  level  t<»  9144  m 

-57 

-57 

+  55 

to 

(30,000  ft*) 

lo 

to 

+  71 

+  85 

+  85 

Class  IB 

-40 

+  71 

_ 

-40 

Sea  level  lo  4572  m 

-57 

-57 

+  55 

to 

(15,000  ft*) 

to 

to 

+  71 

+  85 

+  85 

C:lass  2 

-54 

+  95 

_ 

-5-* 

Sea  level  to  2 1 ,336  m 

-57 

-57 

+  71 

to 

(70,000  fi) 

to 

10 

+  95 

+  95 

+  95 

Cdass  3 

-54 

+  125 

+  150 

-54 

level  lo  30,480  m 

-  57 

-57 

+  95 

to 

(100,000  ft) 

lo 

to 

+  125 

+  125 

+  125 

(Uass  4 

-54 

+  150 

+  260 

-54 

Sea  level  lo  30,480  m 

-57 

-57 

+  125 

to 

(100,000  fi) 

lo 

to 

+  150 

+  150 

+  150 

Class  5** 

-54 

+  125 

_ 

-54 

Sea  level  to  609.600  m 

-57 

-57 

+  95 

to 

(2,000,000  ft) 

to 

to 

+  125 

+  125 

+  125 

*  Aliiiudf  range  shown  is  for  operation  only.  Classes  lA  and  IB  equipment  shall  withstand  a  non'Operaiing  altitude  of  12,192  m  (.40.000  ft.). 

*  For  altitude  above  30,480  m  (100,000  ft.},  the  equipment’s  surrounding  environment  shall  not  exited  71*’C  and  means  shall  be  available  for 
rejedion  of  heat  into  the  surroundings  by  conduction  or  radiation. 


MIL-STD-210,  Ciimatic  Extremes  for  Military 
Equipmtn^'^ 

This  standard  establishes  uniform  climatic  design 
criteria  for  military  equipment  intended  for  world¬ 
wide  use.  For  example,  in  the  case  of  ground  equip¬ 
ment,  the  design  value  is  that  value  exceeded  not 
more  than  1  percent  of  the  hours  for  the  most 
extreme  month  in  an  average  year  of  the  most  severe 
worldwide  location.  Thus  some  of  the  temperatures 
obtained  from  this  standard  may  be  quite  conserva¬ 
tive,  since  the  risk  of  equipment  encountering  a  tem¬ 
perature  extreme  for  the  single  most  severe  location 
in  the  world  is  very  small,  especially  if  it  represents  a 
small  area  or  remote  location.  This  situation  led  to 
the  adoption  of  an  alternative  called  AR  70-  38. 
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AR  70-38,  R»s0arch  Development,  Test  and 
Evaluation  of  Material  for  Extrema  Climatic 
Conditions*’’’ 

This  regulation,  developed  for  Army  equipment, 
defines  climatic  design  values  for  items  not  intended 
for  worldwide  use.  Consequently,  the  world  was 
divided  into  four  climatic  zones  (Figure  6-2),  with 
the  temperature  and  solar  radiation  values  shown  in 
Table  6-5. 

MIL-STD-810,  Environmental  Test  Methods’’  ' 

This  standard  established  tailorable  environment 
test  methods  including  high  and  low  temperature  and 
tempterature/altitude  test  procedures.  It  includes  gen¬ 
eralized  environmental  test  criteria  and  procedures 
intended  to  evaluate  the  effects  of  natural  and 
induced  environments  on  equipment  utilized  in 
mi!hary  applications. 


Figure  6-2.  Climatic  zones  from  AR  70-38  can  be  used  to  establish  requirements  for  equipment  not  intended  for 

worldwide  use.*'*’ 


TABLE  6-5.  SUMMARY  OF  TEMPERATURE  CRITERIA  FROM  AR  70-38*’  " 


Parameter 

Operational  Conditions 

Storage  and  Transit 
Conditions 

Ambient  Air 

Solar 

Radiation, 

Climatic  Design 

Temperature, 

W  /  Btu  \ 

Induced  Air 

Type 

Daily  Cycle 

OC(OF) 

m'  'hr-ft^' 

Temperature,  °C  (®F) 

Hot 

Hot-dry 

32  to  49 
(90  to  120) 

33  to  71 
(91  to  160) 

(low-latitude  deserts) 

Hot-humid 

31  to  41 
(88  to  105) 

33  to  71 
(91  to  160) 

Basic 

Constant  high 
humidity 

Negligible 

(humid  tropics  and 

Variable  high 

26  to  35 

0  to  970 

30  to  63 

mid-latitude,  densely 
populated,  highly 

humidity 

(78  to  95) 

(0  to  307) 

(86  to  145) 

industrialized  sector) 

Basic  hot 

30  to  43 
(86  to  110) 

0  to  1120 
(0  to  355) 

30  to  63 
(86  to  145) 

Basic  cold 

-21  to  -32 
(-5  to  -25) 

Negligible 

-25  to  -33 
(-23  to  -28) 

Cold 

(northern  hemisphere) 

Cold 

—  37  to  —46 
(-35  to  -50) 

Negligible 

—  37  to  —46 
(-35  to  -50) 

Severe  cold 
(northern  continental 
interiors  and  Arctic) 

Severe  cold 

-51 

(-60) 

(Cold  soak) 

Negligible 

^^^1111111111111' 
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MIL-STD-781.  MiabiUty  Tests:  Bxponentiat 
Distribution*''^ 

Appendix  B  of  this  standard  discusses  the  test 
conditions  for  reliability  qualification  tests,  including 
TABLE  6-6.  CATEGORIES  OF  EQUIPMENT  the  analysis  necessary  to  establish  conditions  appro- 
COVERED  IN  MIL-STD-781  '  priate  to  the  particular  system  or  equipment.  Again, 

the  emphasis  here  is  on  tailoring  the  test  conditions/ 
levels  using  the  equipment's  environmental  specifica- 
lions  and  life/mission  profiles.  The  categories  of 
equipment  covered  by  MIL-STD-781  are  listed  in 
Table  6-6. 

MIL-STD-1S70,  Environmental  Criteria  and  Guidelines 
for  Air-Launched  Weapons  ' 

This  standard  establishes  guidelines  for  the  envi¬ 
ronmental  engineering  required  in  support  of  air- 
launched  weapons,  including  air-to-air  weapons,  air- 
lo-surface  weapons  (including  free-fall),  and  aircraft 
gun  plods.  It  provides  excellent  guidelines  and  calcu¬ 
lation  techniques  for  determining  the  environmental 
conditions  to  which  air-launched  weapxtns  will  be 
subjected  during  the  factory-lo-target  sequence, 
including  storage  and  transportation  temperature  and 
captive  and  free-flight  temperature  computations. 

SUMMARY 

Sophisticated  thermal  analysis  programs 
depend  on  an  accurate  definition  of  the  expected 
thermal  environment  to  ensure  the  validity  of 
temperature  and  reliability  predictions.  Engineer¬ 
ing  studies  must  be  done  to  define  service-use 
environments  associated  with  transportation,  stor¬ 
age,  and  operation  of  electronic  equipment. 


C.aiegory  1 

Fixed  Ground  Equipment 

Category  2 

Mobile  Ground  Vehicle 

Equipment 

Category  3 

Shipboard  Equipment 
(Sheltered  and  Unsheltered) 

Category  4 

Equipment  for  Jet  Aircraft 

Category  5 

Equipment  for  Turbo-Prop 

Aircraft  and  Helicopter  Aircraft 

Category  6 

Air-Launched  Weapxins  and 
Assembled  External  Stores 
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CHAPTER  7 

THERMAL  DESIGN  OF  ELECTRONIC  EQUIPMENT 


Using  the  material  on  heat  transfer  in  Chap¬ 
ter  5  and  thermal  environments  in  Chapter  6, 
data  are  now  presented  on  electronic  cooling 
equipment.  This  chapter  deals  with  the  tech¬ 
niques  used  in  the  cooling  of  electronic  equip¬ 
ment,  the  factors  to  consider  when  selecting  the 
type  of  cooling  for  a  given  application,  and 
comparisons  of  the  various  cooling  techniques. 

LEVELS  OF  THERMAL  RESISTANCE 

In  Chapter  5,  the  importance  of  minimizing  ther¬ 
mal  resistance  was  emphasized.  The  cooling  tech¬ 
niques  discussed  in  this  chapter  are  ways  to  eliminate 
or  minimize  thermal  resistance. 

Three  levels  of  thermal  resistances  arc  encoun¬ 
tered  in  electronic  equipment:  internal  resistance, 
external  resistance,  and  system  resistance. 

Internal  Resistance 

Internal  resistance  is  the  overall  thermal  resis¬ 
tance  between  the  point  or  area  in  which  heat  is  gen¬ 
erated  and  some  specified  point  on  the  surface  of  the 
pan,  such  as  the  mounting  surface.  In  semiconductor 
devices,  such  as  transistors  and  microelectronic  cir¬ 
cuits,  the  internal  resistance  is  the  junction-to-case 
thermal  resistance,  fljt . 

External  Resistance 

The  external  resistance  is  the  overall  resistance 
between  an  arbitrary  reference  point  on  the  part, 
such  as  the  mounting  surface,  and  the  heat  exchanger 
or  the  interface  between  the  equipment  and  the  cool¬ 
ing  fluid  or  surroundings.  It  usually  consists  of  one 
or  more  conduction  thermal  resistances. 

System  Resistance 

The  system  resistance  is  the  thermal  resistance 
between  the  equipment’s  external  surface  and  ambi¬ 
ent  air,  or  between  the  heat  exchanger  and  cooling 
fluid.  Examples  of  external  thermal  resistance  and 
system  thermal  resistance  are  shown  in  Figure  7-1. 

The  internal  thermal  resistance  is  usually  fixed 
by  the  part  manufacturer,  and  not  much  can  be  done 
to  reduce  it  without  altering  the  design  of  the  part. 


Figure  7-1.  The  thermal  resistance  to  conduction 
from  point  1  (base  of  the  transistor)  to  point  2 
(interface  between  the  cold  plate  and  the  coolant)  is 
an  example  of  an  external  thermal  resistance.  The 
convection  thermal  resistance  between  point  2  and 
point  3  (coolant)  is  an  example  of  a  system  thermal 
resistance. 


TEMPERATURES 


TRANSISTOR 

ee^c 

TOP  OF  INSULATOR 

81®C 

BOTTOM  OF  INSULATOR 

78°C 

CENTER  OF  HEATSINK 

EDGE  OF  HEAT  SINK 

60®C 

TIP  OF  COOLING  FINS 

59®C 

SURROUNDINGS 

2S°C 

COOLING  PINS 


Figure  7-2.  Cooling  fins  reduce  the  thermal  resis¬ 
tance  between  the  part  and  the  sink. 


TABLE  7-1 .  WAYS  TO  MINIMIZE  THE 
MOUNTING  THERMAL  RESISTANCE 

•  Minimize  gap  between  pan  and  circuit  board. 

•  Fill  gap  with  a  material  having  a  high  thermal 
conductivity. 


On  the  other  hand,  the  external  and  system  resis¬ 
tances  are  not  fixed  and  can  be  minimized  by 
employing  good  thermal  design  techniques,  as 
described  below. 

EXTERNAL  THERMAL  PATHS 

External  thermal  paths  usually  are  conduction 
paths.  They  can  be  classified  according  to  whether 
the  heat  is  removed  directly  from  the  part  or  whether 
the  circuit  board  is  employed  in  the  thermal  path. 
Each  design  option  is  discussed  below. 

Direct  Cooling  of  Parts 

With  this  technique,  the  dissipation  is  removed 
by  a  gas  or  liquid  passing  directly  over  or  near  the 
pans.  High-dissipation  parts  are  mounted  on  cooling 
fins  to  increase  the  heat  transfer  area,  thereby 
decreasing  the  thermal  resistance  to  convection  and 
radiation.  Figure  7-2  presents  an  example  of  cooling 
fins  on  which  a  transistor  is  mounted.  The  heat  is 
conducted  from  the  transistor  to  all  areas  of  the  cool¬ 
ing  fins,  from  where  it  is  rejected  to  the  sink.  Fig¬ 
ure  7-2  also  illustrates  the  temperature  distribution 
for  a  10-wail  transistor  in  a  25'' C  environment. 

Methods  for  rejecting  the  heat  to  the  sink  depend 
on  the  power  density  and  the  environment.  With  rel¬ 
atively  low-piower  equipment  in  a  ground  or  ship¬ 
board  environment,  passive  cooling  by  radiation  and 
free  convection  might  suffice.  For  higher  ptower 
equipment,  forced-air  cooling  is  required  (see  Fig¬ 
ure  7-3).  Because  the  coolant  impinges  directly  on  the 
part  or  the  cooling  fin,  it  is  called  impingement  cool¬ 
ing  (see  Figure  7-4)  when  the  coolant  is  a  gas  or 
Hush  cooling  when  the  coolant  is  a  liquid. 

Use  of  the  Circuit  Board  in  the  Thermal  Path 

Another  development  is  the  use  of  the  circuit 
board  in  the  thermal  path.  The  heat  is  conducted  to 
the  bottom  of  the  case  and  from  there  to  the  circuit 
board.  The  thermal  resistance  between  the  bottom  of 
the  case  and  the  top  of  the  board  is  called  the  mount- 
ing  thermal  resistance.  This  series  element  in  the 
thermal  network  is  minimized,  as  with  any  conduc¬ 
tion  path,  as  described  in  Table  7-1. 

The  heal  is  removed  from  the  circuit  board  by  a 
gas  or  liquid  flowing  through  a  heat  exchanger  in 
thermal  contact  with  the  board.  The  coolant  does  not 
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((iniact  the  parts  clirenly.  With  electronic  equipment, 
a  hcitt  exchanger  is  called  a  cold  plate  or  coldwall. 
The  design  approaches  described  below  have  been 
developed  for  removing  the  heat  from  the  circuit 
board. 

Common  Methods  for  Forced-Air-Cooled  Modules 

Three  common  methods  of  forced-air-cooling 
modules  are  impingement,  coldwall,  and  flow¬ 
through.  The  first  method  ctwls  the  pans  directly 
and  the  other  methods  use  the  circuit  board  in  the 
thermal  path. 

Impingement.  Impingement  cooling  of  electronic 
modules,  illustrated  in  Figure  7-4,  is  the  simplest  but 
least  effective  of  the  three  methods.  Cooling  air  is 
forced  through  the  spaces  between  the  modules,  com¬ 
ing  in  direct  contact  with  the  dissipating  parts.  The 
thermal  resistance  between  the  part  and  the  air  is 
usually  high  with  this  parallel-flow  method,  because 
the  air  velocity  is  relatively  low  and  the  heat  transfer 
area  (consisting  of  the  outer  surface  of  the  part  and 
some  portion  of  the  circuit  board)  is  small.  Because 
of  the  high  thermal  resistance,  the  cooling  capacity 
for  a  nominal  cooling  air  temperature  is  usually 
limited  to  800  W/m*.  For  example,  a  9  X  5  inch 
circuit  card  is  limited  to  2.S  watts.  The  thermal  resis¬ 
tance  to  convection  can  be  decreased  by  mounting  the 
part  on  a  heat  transfer  fin,  as  was  shown  in  Fig¬ 
ure  7-2,  or  to  a  ground  plane. Coatings  thinner  than 
2.5  X  lO'^m  (1  mil)  have  little  effect  on  the  heat- 
transfer  rate. 

A  potential  problem  with  impingement  cooling  is 
contamination.  External-source-siipplied  cooling  air 
may  contain  entrained  water  or  other  contaminants 
detrimental  to  electronic  equipment.  Consequently, 
MIL-.STD-454  prohibits  the  use  of  impingement 
cooling  employing  air  drawn  from  the  atmosphere, 
unless  the  water  and  contaminants  are  remo\  ed  by 
suitable  devices.^"'  Impingement  cooling  may  be  used 
in  closed-cycle  coolant  flow  systems. 

Coldwalls.  Cooling  with  coldwalls,  shown  in  Fig¬ 
ure  7-5,  is  generally  more  effective  than  impingement 
cooling.  In  this  method,  the  walls  of  the  electronic 
unit  serve  as  the  heat  exchanger.  The  heat  is  con¬ 
ducted  to  the  edge  of  the  card  via  thermally  conduc¬ 
tive  metal  planes  which  form  an  integral  part  of  the 
card.  Heat  is  then  conducted  from  the  edge  of  the 


Figure  7-3.  Most  electronic  cabinets  are  cooled 
by  forcing  air  through  the  racks  of  equipment. 


Figure  7-4  Impingement  cooling  Is  the  simplest 
method  of  forced-air  cooling. 


Figura  7-5.  Cooling  with  coldwalls  is  generally  more 
efficient  than  impingenrrant  cooling. 


card  to  the  heat  exchange,  across  the  contact  in'.erface 
between  the  card  edge  and  the  guide  rails.  The  con¬ 
duction  thermal  resistances  of  the  metal  plane  and 
the  contact  interface  are  sometimes  excessive,  signifi- 
cantly  reducing  the  cooling  effectiveness  of  the  cold- 
wall  method. 

Flow-Through  Modulos.  In  flow-through  modules, 
shown  in  Figure  i  -6,  the  heat  exchanger  is  an  inte¬ 
gral  part  of  the  module.  Air  enters  one  end  and  exits 
at  the  opposite  end.  The  walls  of  the  unit  serve  as  air 
plenums  for  distribution  of  airflow  to  the  module,  as 
shown  in  Figure  7-7.  Air  is  metered  through  each 
module  to  m.iximize  reliability.  Since  air  Hows  direct¬ 
ly  between  the  circuit  boards  (see  Figure  7-6),  flow¬ 
through  modules  virtually  eliminate  the  major  con¬ 
duction  thermal  resistances  present  in  the  coldwall 
cooling  method,  thus  making  it  the  most  effective  of 
the  three  methods.  Another  advantage  is  that  the  pro¬ 
portional  airflow  allows  for  reliability  optimization 
by  maximizing  cooling  of  temperature-sensitive  parts. 

Comporiaon  of  the  Throe  Methods.  Table  7-2 
shows  the  amount  of  power  dissipation  which  could 
be  effectively  cooled  from  a  typical  module  on  which 
integrated  circuits  (ICs)  are  mounted.  The  coldwall 
method  of  cooling  can  handle  approximately  two 
limes  that  of  impingement  cooling,  while  the  flow¬ 
through  modules  can  handle  up  to  4.5  times.  Another 
comparison  of  the  three  methods  is  shown  in  Fig¬ 
ure  7-8,  where  the  maximum  IC  junction  tempera¬ 
ture  is  plotted  as  a  function  of  module  power  dissipa¬ 
tion  for  supply  and  exit  air  temperatures  of  30°C 
and  60“  C,  respectively. 

From  these  compari.jns,  it  is  clear  that  impinge¬ 
ment  cooling  is  the  least  effective,  while  the  flow¬ 
through  method  is  the  most  effective,  as  shown  in 
Table  7-3.  The  flow-through  method  is  the  most 
complex  to  implement,  yet  the  advantages  gained  in 
much  higher  cooling  effectiveness  may  outweigh  the 
added  fabrication  complexity.  Table  7-3  also  points 
out  that  the  air  pressure  drop  is  lowest  with  impinge¬ 
ment  cooling  and  highest  with  the  flow-through 
method.  Often  it  is  necessary  to  make  a  trade-off 
between  cooling  effectiveness  and  pressure  drop. 


Figure  ">-6.  Flow-through  modules  are  the  most 
effective  means  of  air  cooKrig  printed  circuit  boards. 
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Heat  Pipes 

Heat  pipes  use  a  combination  of  evaporation  and 
liquid  condensation  together  with  capillary  action  to 
conduct  heat  from  the  part  to  the  cooling  fins,  where 
the  heat  is  rejected  by  forced  convection  to  air  or 
other  fluid.  Figure  7-9  shows  a  schematic  of  a  heat 
pipe. 

Heat  pipes  are  useful  because  the  thermal  resis¬ 
tance  between  the  heat-absorption  area  (evaporator) 
and  the  heat-rejection  area  (condenser)  is  very  low. 
Large  amounts  of  heat  can,  therefore,  be  conducted 
from  the  part  over  large  distances  with  virtually  no 
temperature  difference.  Heat  pipes  are  also  capable 
of  operation  in  a  space  environment.  Disadvantages 
of  heat  pipes  are  that  they  are  more  complicated  and 
more  expensive  than  conventional  conduction  devices 
and  some  designs  can  be  affected  by  gravitational 
forces. 

SYSTEM  THERMAL  PATHS 

Once  the  heat  has  been  transferred  through  the 
external  path,  it  must  be  transferred  to  the  sink 
(which  may  be  the  surrounding  environment)  by  one 
of  the  following  means.- 

•  Radiation  and  free  convection 

•  Forced  air 

•  Forced  liquid 

•  Phase  change 

Heat  transfer  by  radiation  and  free  convection  is 
the  simplest  to  design  and  requires  no  auxiliary 
equipment,  just  the  cooling  fins  themselves.  Forced- 
air  cooling  requires  a  pressurized  air  source  or 
blower  and  sometimes  blower  controls,  making  it 
more  complicated.  Forced-liquid  cooling  requires  a 
pump,  coolant  reservoir,  cooling  fluid,  etc.,  and  is 
even  more  complicated.  Phase-change  techniques  are 
simple  in  principle. 

A  disadvantage  of  active  cooling  methods  is  that 
pumps,  blowers,  and  motors  can  fail,  resulting  in  a 
loss  of  coolant  to  the  electronic  parts.  Therefore  the 
reliability  engineer  should  consider  the  reliability  of 
the  cooling  equipment  itself  when  evaluating  candi¬ 
date  cooling  methods. 


Figure  7-7.  Airflow  ie  distributed  by  plenums  to 
flow-through  modules. 


TABLE  7-2.  RELATIVE  CAPACITIES  OF  THREE 
METHODS  OF  COOLING  ELECTRONIC 
MODULES  FOR  A  TYPICAL  MODULE 


Module  Cooling 
Method 

Maximum  Cooling 
Capacity 

W/m* 

W/in’ 

Impingement 

800 

0.5 

Coldwall 

1,500 

1 

Flow-through 

3,400 

2 

Above  comparison  based  on: 


Junction  temperature: 

120”C 

Air  inlet  temperature: 

30‘’C 

Air  exit  temperature: 

bO'C 

Junction-to-case  thermal  resistance: 

50"C/W 
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DIFFERENCE  BETWEEN  JUNCTION  AND  COOLING 
AIR  SUPPLY  tEMPERATURES,  °C 


AIR  INLET  TEMPERATURE:  30°C 

AIR  OUTLET  TEMPERATURE:  M  C 

JUNCTION-TO-CAEC 

THERMAL  RESISTANCE:  80  C/W 

W/m* 


0  1000  3000  3000  4000  8000 


POWER  DISSIPATED  PER  UNIT 
MODULE  AREA,  W/ln  ^ 


Figure  7-8.  <C  lunction  temperatures  as  a  func¬ 
tion  of  dissipated  power  differ  widely  for  the 
three  methods  of  module  cooling. 


The  effectiveness  of  these  methods  of  heat  transfer 
is  compared  in  Figure  7-10,  which  shows  the  heat- 
flow  rate  that  can  be  transferred  pier  unit  surface 
area  when  the  average  fin  surface  temperature  is 
I00“C  and  the  surroundings  are  20°C.  For  each  heat 
transfer  method,  the  power  per  unit  area  that  can  be 
transferred  varies  over  a  wide  range,  depending  on 
the  details  of  the  cooling  design.  Figure  7-10  also 
illustrates  that,  for  most  applications,  more  than  one 
heat  transfer  method  could  be  used. 

IMmtion  and  fraa  Convaction 

Radiation  and  free  convection  is  the  simplest  of  all 
the  heat  transfer  methods,  since  it  relies  on  only  the 
cooling  fins  to  remove  the  heat.  The  transfer  of  heat  by 
radiation  and  by  free  convection  occurs  in  parallel.  The 
hot  fins  radiate  directly  to  the  cooler  surroundings.  Air 
near  the  hot  fins  rises  and  is  replaced  by  cooler  air, 
providing  a  convective  air  current.  A  typical  cooling  fin 
used  with  radiation-and-free-convection  cooling  was 
shown  in  Figuie  7-2. 

Because  of  its  simplicity,  cooling  by  radiation  and 
free  convection  is  attractive.  However,  its  capability  is 
limited  to  less  than  1 300  W /m*  of  heat  transfer  area  for 
an  80°C  lemperaiure  rise. 


TABLE  7-3.  COMf  ABIBON  OF  MtTHOOB  OF  COOLING  ELECTRONIC  MODULES 


Parameter 

Cooling  Method 

Impingeiiicnt 

ColdwaU 

Flow-Through 

(^(Kiling  effectiveness 

Low 

Medium 

High 

Implementation 

Simple 

Medium 

Medium  to  complex 

Pressure  drop 

Low 

Medium 

Medium  to  high 

Part  temperature  uniformity 

Poor 

Good 

Best 

CcHiling  air  utilization 

Least  effective 

Effective 

Most  effective 

Weight 

Heavy 

Medium 

Medium/light 

Cost 

Low 

Medium 

Medium/high 

Forctd  Air 


Figure  7-10  indicates  that  the  heat  transfer  rate 
is  increased  by  more  than  an  order  of  magnitude  by 
blowing  air  over  the  cooling  fins,  rather  than  relying 
on  radiation  and  natural  convection.  Most  electronic 
cabinets  are  cooled  by  forcing  air  through  the  elec¬ 
tronic  equipment,  as  illustrated  in  Figure  7-3.  Air 
motion  is  usually  induced  by  a  blower  or  a  pressur¬ 
ized  air  supply  source  such  as  from  an  aircraft  envi¬ 
ronmental  control  system  (ECS). 

When  the  cooling  air  comes  in  direct  contact  with 
the  dissipating  parts,  as  in  Figure  7-4,  this  type  of 
forced-air  cooling  is  called  impingement  cooling. 
Although  impingement  cooling  is  more  efficient  than 
radiation  and  natural  convection,  its  cooling  capacity 
is  still  limited  to  approximately  90  W/m*  per  °C 
temperature  difference  between  the  surface  and  the 
cooling  air.  For  example,  if  the  average  surface  tem¬ 
perature  of  the  part  is  100°C  and  the  average  air 
temperature  is  20‘’C,  the  maximum  which  can  be 
cooled  effectively  is  approximately  7  X  10^  W/m*. 

The  efficiency  of  forced-air  cooling  can  be  signiH- 
cantly  increased  by  the  use  of  a  heat  exchanger.  In 
this  case,  the  air  does  not  come  in  contact  with  the 
parts,  but  flows  through  a  heal  exchanger  containing 
cooling  fins.  The  heat  is  conducted  from  the  dissipat¬ 
ing  part  to  the  cooling  fins  where  it  is  rejected  to  the 
air  by  forced  convection. 

Forced  Liquid 

Forced-air  cooling,  although  simpler  to  implement 
than  forced-liquid  cooling,  has  several  disadvantages. 
For  example,  forced-air  cooling  provided  by  a  blower 
may  not  be  suitable  for  electronic  equipment  which 
must  be  operated  at  high  altitudes  where  air  density 
is  low.  The  acoustic  or  electromagnetic  noise  of  the 
blower  or  hot  air  ejected  from  the  equipment  may  be 
objectionable. 

These  disadvantages  are  eliminated  by  the  use  of 
forced-liquid  cooling.  A  typical  liquid  cooling  system 
is  shown  in  Figure  7-11.  The  noisy  equipment  can. 
be  located  remotely  from  the  electronic  equipment,  so 
that  quiet,  vibration-free  operation  can  be  main¬ 
tained.  Further,  the  heal  transfer  txtefficieni  for 
forced-liquid  cooling  is  an  order  of  magnitude  better 
than  for  forced-air  cooling,  as  shown  in  Figure  7-10. 


Figure  7-9.  Heat  pipes  use  a  combination 
of  evaporation  and  liquid  condensation, 
together  with  capillary  action,  to  conduct 
heat  from  the  part  to  the  cooling  fins. 


Figure  7-10.  Each  cooling  method  has  a  range  of 
power  per  unit  surface  area  over  which  it  is  effective. 
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Figure  7-11.  Forced-liquid  coolirrg  is  more  efficient 
than  forced-air  cooling. 


For  very-high-power  electronic  equipment,  such 
as  traveling-wave  tubes  (TWTs),  the  greater  heat 
transfer  capability  of  forced-liquid  cooling  is  a  neces¬ 
sity,  because  generally  the  cooling-fin  area  cannot  be 
made  large  enough  to  transfer  high  powers  effectively 
by  forced-air  cooling.  The  use  of  liquid  cooling  also 
permits  high-density  mounting  of  lower-power  elec¬ 
tronic  parts,  which  not  only  may  be  desirable  from  a 
packaging  standpoint  but  may  also  be  needed  to 
achieve  required  functional  electronic  performance. 

A  main  disadvantage  of  liquid  cooling  is  that 
liquids  are  more  difficult  to  handle  than  is  air.  The 
equipment  must  be  more  carefully  designed  to  pre¬ 
vent  leakage;  leakage  is  not  as  critical  to  the  safe 
operation  of  equipment  when  air  is  used.  At  limes 
contamination  of  the  coolant  has  been  a  problem. 
Flush/fill  operations  occurring  during  required  peri¬ 
odic  coolant  changes  impact  the  system’s  maintain¬ 
ability.  Also  for  laser  systems,  coolants  can  become 
contaminated  by  exposure  to  flashlamp  radiation. 
Therefore  the  choice  of  coolant  is  important. 

Table  7-4  compares  the  relative  merits  of  the 
various  cooling  methods. 


TABLE  7'  4.  RELATIVE  MERITS  OF  VARIOUS  COOLING  METHODS 


Parameter 

Radiation  and 
Natural  Convection 

Forced  Air 

Forced  Liquid 

Phase  Change 

Typical  heat  capacity 

5(10 

1.6  X  10* 

7.8  X  10* 

1.2  X  10* 

W  m^W/in®) 

(0..^) 

(10) 

(50) 

(800) 

Implementation 

.Simplest 

■Simple 

Most  complex 

Simple  to  complex 

Weight  and  volume 

High 

Medium 

Low 

Low  to  high 

Noise  and  vibration 

None 

High 

Low 

None  to  low 

Power  ctmsumption 

None 

High 

Low 

None 

F  luid  leakage  problem 

None 

Usually  none 

Possible 

Possible 

('.ost 

Low 

Medium 

High 

High 

Maintainability 

Simplest 

Simple 

Complex 

Complex 
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Phase  Change 


For  some  shon-duraiion  missions,  it  is  advanta¬ 
geous  to  transfer  the  heat  to  a  material  and  store  it 
in  the  material’s  heal  of  vaporization  (liquid  evap¬ 
oration)  or  heat  of  fusion  (solid  melting).  Latent 
heals  of  various  phase  change  processes  are  listed  in 
.Appendix  C.  These  techniques  are  described  below. 

LiquUi  Evaporation.  Evaporation  cooling  is  as 
effective  as,  if  not  more  effective  than,  forced-liquid 
c(K)ling  as  seen  in  Figure  7-10,  It  can  be  used  for 
c(K)ling  parts  with  high  power  densities  or  for  main¬ 
taining  a  constant-temperature  bath  for  electronic 
parts.  The  electronic  part  is  cooled  by  either  immers¬ 
ing  it  in  an  evaporant  bath  or  circulating  the  evap- 
orani  through  a  heat  exchanger,  as  shown  in  Fig¬ 
ure  7-12.  A  large  number  of  evaporanis  is  available, 
but  those  most  commonly  used  are  liquid  nitrogen 
and  fluorocarbons,  such  as  Freon-12. 

Evaporation  cooling  is  simple  since  no  coolant 
pumps  are  required.  A  disadvantage  of  evaporation 
c(M)ling  is  that  the  equipment  can  operate  for  only  a 
limited  period  (transient  operation),  since  the  amount 
of  evaporant  on  board  a  vehicle  is  limited. 

Solid  Melting.  A  material,  such  as  a  wax  com¬ 
pound,  melts  as  it  absorbs  heat  from  the  part.  Usual¬ 
ly  the  selected  material  has  a  melting  temperature 
equal  to  or  near  the  required  temperature  of  the 
pan.  A  typical  cooler  using  a  melting  material  is 
illustrated  in  Figure  7-13. 

The  advantages  of  this  cooling  method  are  that  it 
is  simple  in  principle  and  does  not  require  power. 
Further,  the  operating  temperature  of  the  pan  can  be 
maintained  within  a  narrow  temperature  band  if 
desired,  since  the  melting  process  can  be  reversed 
when  heating  instead  of  cooling  is  required.  Dis¬ 
advantages  are  that  the  cooling  capacity  is  limited  to 
the  amount  of  heat-absorbent  material  used  and  that 
the  material  usually  takes  up  significant  weight  and 
space. 


Figure  7-12.  Evaporant  cooling  systems  are  even 
more  efficient  than  forced-liquid  cooling. 


Figure  7-13.  A  melting  process  is  sometimes 
used  to  cool  equipment  for  short-duration 
missions. 


Forced-Convection  Syatems 

Cooling  Fins  for  Heat  Exchangers.  Heat-exchanger 
c(K>ling  fins  reduce  the  thermal  resistance  between  the 
heat-exchanger  metal  surface  and  the  coolant  by 
increasing  the  heat  transfer  area.  In  addition,  friction 
produced  by  the  fins  increases  the  forced-convection 
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Figure  7-14.  Heat-exchanger  cooling  fins 
are  used  to  reduce  thermal  resistance. 


heal  transfer  coefficient.  Typical  cooling  fins  are 
shown  in  Figure  7-14. 

Fins  that  are  broken  up  into  segments  along  the 
airflow  direction,  or  are  periodically  interrupted,  tend 
to  have  lower  thermal  resistances  to  convection  than 
plain  fins;  the  denser  the  fins  and  the  shorter  the  seg¬ 
ments,  the  lower  the  thermal  resistance.  However, 
the  pressure  drop  also  increases,  usually  at  a  more 
rapid  rate  than  the  decrease  in  thermal  resistance. 
Therefore,  the  pressure-drop  limitations  may  dictate 
the  type  of  fin  seleaed. 

Blowert  for  Forcod-Air  Cooling.  Because  most  elec¬ 
tronic  equipment  is  forced-air  cooled,  blowers  are 
almost  as  important  as  the  cooling  fins  or  heat 
exchangers.  Blowers  used  in  electronic  cooling  fall 
into  two  basic  types,  axial  and  centrifugal,  depend¬ 
ing  on  which  way  the  air  enters  and  exits  from  the 
blower.  With  axial  blowers,  which  are  usually  cylin¬ 
drical,  air  flows  parallel  to  the  blower  axis.  With 
centrifugal  blowers,  air  enters  one  end  (parallel 
to  the  axis)  and  exits  in  a  radial  direction.  The  rela¬ 
tive  merits  of  different  types  of  blowers  are  compared 
in  Table  7-5. 

The  important  blower  performance  parameters 
are  the  flow  rate  and  corresponding  head  pressure. 
The  head  pressure  is  required  to  overcome  the  resis¬ 
tance  to  airflow.  Figure  7-15  shows  the  performance 
characteristics  of  the  four  blowers  compared  in 
Table  7-5.  The  range  of  head  pressures  of  the  blow- 


TABLE  7-S.  RELATIVE  MERITS  OF  DIFFERENT  TYPES  OF  BLOWERS  USED  IN  ELECTRONIC  COOLING 


Axial 

Centrifugal  or 

Squirrel  Cage 

Parameter 

Vaneaxial 

Propeller 

Tubeaxial 

.Speed 

High 

Low  to  medium 

Low 

Medium 

Airflow  rate 

High 

High 

Medium 

High 

Head  pressure 

High 

Low  to  medium 

Low 

Medium 

.Size 

Small 

Large 

Small  to  medium 

Medium  to  large 

Weight 

Low 

Low  to  medium 

Low 

Heavy 

Power  type 

400  Hz  or  27  VDC 

60  Hz 

60  Hz 

400  Hz,  27  VDC  or  60  Hz 

Power  consumption 

High 

Low 

Low 

Medium  to  high 

Noise  level 

High 

Low 

Low 

Medium 

cTs,  250  lo  800  pascals  (less  than  1  to  3.2  inches  of 
uaier),  is  typical  for  electronic  cooling.  Vaneaxial 
hlouers  with  higher  head  pressures  are  also  avail¬ 
able.  but  they  are  larger,  require  more  power,  and 
are  noisy.  The  higher  the  flow  rate  and  correspond¬ 
ing  head  pressure,  the  higher  the  required  input 
[tower  will  be. 

for  two  identical  blowers  in  series  the  total  air¬ 
flow  is  equal  to  the  airflow  of  one  blower.  The  head 
pressure  is  equal  to  the  sum  for  the  two  blowers.  For 
two  identical  blowers  in  parallel,  the  total  flow  is 
equal  to  the  sum  for  two  blowers,  while  the  total 
head  pressure  is  equal  to  that  of  one  blower. 

Mast  blowers  operate  at  constant  sfteed.  Some 
blowers,  designed  for  airborne  application,  have  vari¬ 
able  speed  motors.  As  the  density  decreases  with 
increasing  altitude,  the  mass  of  air  that  a  fixed-speed 
blower  can  push  drops  rapidly.  The  variable-speed 
blower  increases  in  speed  as  the  air  density  decreases, 
compensating  in  part  for  the  reduced  air-mass  flow 
rate.  Variable-speed  blowers  are  usually  vaneaxial 

Figure  7~15.  Pressure/ airflow  characteristics  are 

'  .  ■  rj-.u-L.  t  an  important  consideration  in  selecting  a  blower 

.\coustic  requirements  often  dictate  which  type  of  T  .  . 

II  u  JA  -rki-rcu  u  u  tor  a  specific  application. 

blower  may  be  used.  As  seen  in  Table  7-5,  the  high¬ 
er  the  blower  performance,  the  higher  the  noise  level 
will  be.  The  noise  level  is  usually  more  critical  when 
the  equipment  is  located  near  people,  such  as  in  the 
laboratory  or  the  crew  compartment  of  an  aircraft.  In 
remote  and  uninhabited  areas,  such  as  the  equipment 
bay  of  an  aircraft,  noise  is  less  critical. 

It  is  better  to  pull  (draw)  the  air  through  the 
equipment  than  to  push  it.  The  main  advantage  of 
pulling  the  air  is  thai  the  pxiwer  dissipated  by  the 
olower  motor  is  absorbed  by  the  air  after  it  has 
cooled  the  equipment,  making  more  cooling  available 
for  the  equipment.  .Mso  better  airflow  distribution  is 
obtained  when  the  air  is  drawn. 

Most  electronic  equipment  requires  an  air  filler 
to  keep  the  dust  out  of  the  equipment,  especially 
when  ambient  air  is  used  for  cooling.  The  filter 
increases  the  resistance  to  the  airflow,  and  this  filler 
pressure  drop  must  be  accounted  for  in  selecting  the 
blower. 

REFRIGERATION  SYSTEMS 

When  the  desired  operating  temperature  of  the 
pan  is  higher  than  the  sink  temperature,  no  refrig- 
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Figure  7-16.  Air-cycle  refrigeration  is  used  tor 
aircraft  ECS. 


eraiion  is  required.  In  many  crxding  applications, 
however,  the  desired  part  operating  temperature  is 
lower  than  the  temperature  of  the  available  sink.  In 
such  cases,  refrigeration  can  be  used.  Refrigeration  is 
simply  a  method  of  removing  heat  from  a  lower  tem¬ 
perature,  pumping  it  to  a  temperature  above  the  sink 
temperature,  and  then  rejecting  it  to  the  sink.  Com¬ 
monly  used  types  of  refrigeration  are  discussed  behtw. 

Air-Cych  Hefrig»ration 

Nearly  all  aircraft  equipment  relies  on  the  envi¬ 
ronmental  control  system  (ECS)  for  both  cooling  and 
heating.  The  refrigeration  portion  of  a  typical  aircraft 
ECS  utilizes  air-cycle  refrigeration,  shown  in  Fig¬ 
ure  7-16. 

Vapor-Cyde  ttefrigeration 

Vapor-cycle  refrigeration  uses  a  refrigerant,  such 
as  Freon-12  or  Freon-22,  as  the  working  fluid.  A 
typical  vapor-cycle  refrigeration  system  is  illustrated 
schematically  in  Figure  7-17.  Vapor-cycle  refrigera¬ 
tion  systems  are  used  mostly  with  ground  and  ship¬ 
board  equipment,  but  can  be  used  on  board  aircraft 
where  supplementary  cooling  is  required. 

Tharmodactric  Rafrigaration 

Thermoelectric  ctxtling  makes  use  of  the  phenom¬ 
enon  of  reversible  flow  of  heat  and  electricity  to 
pump  heat  from  a  colder  region  (cold  junction)  to  a 
hotter  region  (hot  junction).  Heat  pumping  results 
from  the  Peltier  effect;  when  voltage  is  applied  across 
the  junction  of  two  dissimilar  materials,  heat  is 
absorbed  or  evolved  at  the  junction.  The  operation  of 
a  thermoelectric  cooler  is  shown  schematically  in  Fig¬ 
ure  7-18. 

Thermoelectric  coolers  are  attractive  because  they 
are  atmpact  and  require  no  moving  parts.  They  also 
can  be  used  for  cooling  infrared  sensors,  which  gener¬ 
ally  must  be  maintained  at  cryogenic  temperatures. 

In  this  type  of  application,  several  thermoelectric 
ctxtlers  are  usually  staged,  because  the  temperature 
difference  between  the  sensor  and  the  heat  sink  (air) 
exceeds  the  heat-pumping  capability  of  a  single-stage 
device. 

Disadvantages  of  thermoelectric  coolers  are 
(1)  their  power  efficiency  is  usually  low;  (2)  a  single- 
stage  thermoelectric  ctxtler,  the  type  commonly  used. 


Figure  7-17.  Vapor-cycle  refrigeration  is  used  mainly 
for  ground  and  shipboard  equipment. 
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(.in  pump  heal  only  up  lo  a  “’ll' C  dilTcrcnce  iK'twecn 
the  hoi  and  lold  jundions.  a. id  the  pinver  efficieiicv 
drops  very  drastic  ally  when  'he  .olers  are  slaved; 
.ind  (3)  they  norm;  '!'■  lai!  when  ihe  hoi  junelion 
lemperaiure  exceeds  130H:. 

TRENDS  IN  ELECTRONIC  COOLING 

Design  of  elceironii  equipment  has  heeome  more 
complex  as  the  demands  on  performance  continue  to 
increase.  Future  trends  in  avionic  design  would  tend 
lo  indicate  the  use  of  more  improved  solid-state 
mil  roelectronics  with  greater  processing  capahility.  A 
p;iriicularly  significant  trend  in  the  design  of  avionic 
equipment  is  toward  increasing  the  (lower  densitv  .  as 
shown  in  Figure  This  increased  [xivver  densitv 

has  resulted  in  more  stringent  packaging  design  con- 
sirttinis,  thereby  requiring  new  cooling  design 
,i|)|iroaches. 

L'sing  the  flovv-through  modular  design  concept 
as  a  base,  further  improvements  in  the  ciKiling  capa¬ 
bility  will  be  required.  Possible  improvements  in  the 
flovv-through  module  design  will  be  the  reduction  of 
the  temperature  difference  between  the  junction  and 
the  cooling  air.  This  can  be  achieved  by  reducing  the 
thermal  resistance  from  the  Junction  to  the  mount¬ 
ing  surface  of  the  module,  and  by  the  use  of  high- 
(lerformance  cooling  fins.  .\n  expected  (lenalty  will  lie 
increased  ciKiling-air  pressure  drop. 

Increases  in  packaging  and  power  density  and 
special  system  cooling  requirements  may  also  produce 
design  innovations  involving  liquid  cooling,  heat  pipes 
and  other  less  conventional  means  of  heat  transpniri. 

SUMMARY 

All  cooling  techniques  are  simply  methods  to 
minimize  or  eliminate  thermal  resistances.  Four 
commonly  used  cooling  methods  are  radiation  and 
free  convection,  forced  air,  forced  liquid,  and 
phase  change.  Trends  in  electronic  cooling  are 
toward  increased  power  densities  and  resultant 
packaging  and  cooling  problems.  Further  im¬ 
provements  in  air-cooling  techniques  will  place 
more  high-dissipation  parts  within  the  capability 
of  air  cooling.  Recent  aircraft  performance  in¬ 
creases  suggest  that  liquid  cooling  replace  bleed 
air,  which  will  require  additional  improvements 
in  liquid  cooling. 


Figure  7-18.  Thermoelectric  refrigeration  is  used  for 
airborne  and  space  applications  in  which  volume  and 
weight  are  critical. 


Figure  7-19.  A  trend  in  avionic  deeign  is  the 
tendency  to  increase  the  power  density. 
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CHAPTER  a 
THERMAL  ANALYSIS 


Figure  8- 1 .  Thermal  analysis  provides  detailed 
information. 


Thermal  evaluation  is  done  by  analysis,  test¬ 
ing,  or  both.  Analysis  is  presented  in  this  chapter, 
and  testing  is  described  in  Chapter  9.  This  chap¬ 
ter  discusses  thermal  analysis  methods  and  associ¬ 
ated  costs. 

ROLES  OF  THERMAL  ANALYSIS 

Thermal  analysis  has  two  impwnant  roles  in  a 
military  electronic  program:  (1)  prediction  of  the 
temperatures  of  the  parts  in  their  operational  envi¬ 
ronment,  and  (2)  optimization  of  the  thermal  design 
to  maximize  reliability. 

■Analysis  is  an  accurate,  cost-effective  way  to 
obtain  information  on  the  thermal  characteristics  of  a 
specified  design.  An  analysis  involves  no  hardware 
fabrication,  and  its  cost  is  relatively  low.  Therefore  a 
thermal  analysis  is  generally  less  expensive  than  a 
thermal  test.  Furthermore,  design  options  can  be 
examined  more  easily  by  analysis.  For  example,  the 
variation  of  materials  and  placement  of  parts  can  be 
simulated  easily  by  an  analysis,  whereas  the  experi¬ 
mental  investigation  of  each  option  requires  a  distinct 
set  of  hardware. 

For  these  reasons,  analytical  evaluation  generally 
is  employed  to  screen  out  candidate  designs  and  to 
predict  whether  the  final  design  apptears  to  be  ade¬ 
quate,  whereas  experimental  evaluation  generally  is 
employed  only  with  the  most  promising  design(s)  and 
to  verify  the  analytical  predictions.  With  modern 
computer  hardware  and  software  (described  later  in 
this  chapter),  it  is  feasible  to  predict  temperatures 
down  to  the  part  level.  The  temperatures  and  failure 
rates  of  thousands  of  parts  can  be  predicted  at  a  rela¬ 
tively  low  cost  (see  Figure  8-1). 

Comparisons  made  at  Hughes  Aircraft  Company 
between  measurements  and  detailed  predictions  indi¬ 
cate  that  predicted  temperatures  are  accurate  to 
within  6°C.  Acquisition  of  thermal  test  data,  on  the 
other  hand,  is  limited  by  considerations  of  cost  and 
available  data  channels.  Consequently,  analyses  gen¬ 
erally  are  employed  to  estimate  temperatures  for  use 
in  reliability  predictions,  whereas  tests  generally  are 
employed  to  measure  the  temperatures  of  a  selected 
fraction  of  the  parts.  The  instrumentation  locations 
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for  the  tests  can  be  selected  by  examining  the  analysis 
results. 

Modern  analysis  techniques  also  can  optimize  the 
thermal  design,  subject  to  constraints  imposed  by 
interconnection  routing  and  other  electrical  circuit 
considerations.  Each  possible  configuration  has  a  pre¬ 
dicted  failure  rate  that  depends  on  the  set  of  part 
temperatures  associated  with  the  design.  The  opti¬ 
mization  methods  tell  the  designer  which  configura¬ 
tion  will  yield  the  lowest  rate  of  thermally  induced 
failures.  Equipment  having  an  optimized  thermal/ 
reliability  design  will  have  a  much  lower  life-cycle 
cost  than  that  having  a  non-optimized  design. 

PREDICTION  METHODS 

To  predict  the  operating  temperatures  of  elec¬ 
tronic  parts,  the  thermal  analyst  solves  the  partial 
differential  equations  that  govern  heat  transfer.  Two 
methods  are  used  to  solve  these  equations;  analytical 
and  numerical. 

The  analytical  approach  involves  a  closed  form  or 
exHci  solution.  The  solutions  for  many  simple  geome¬ 
tries  are  available  in  textbooks  or  can  be  derived  by 
the  mathematically  inclined.  A  disadvantage  of  this 
approach  is  that  most  electronic  equipment  is  so  com¬ 
plicated  that  the  geometry  must  be  simplified  to 
obtain  an  analytical  solution  (see  Figure  8-2). 

Another  disadvantage  is  that,  for  most  applications  to 
electronic  equipment,  the  solution  is  in  the  form  of 
an  infinite  series;  consequently,  a  computer  program 
is  needed  to  predict  temperatures. 

The  numerical  approach  involves  the  finiie-differ- 
errce  or  finite'elemenc  solution  of  the  partial  differen¬ 
tial  equations.  To  use  this  approach,  the  analyst 
develops  a  thermal  model  of  the  equipment,  consist¬ 
ing  of  an  electrical  analog  of  the  series-parallel  net¬ 
work  of  thermal  resistances  between  the  parts  and 
the  sink.  Locations  of  interest,  such  as  dissipating 
parts  and  sinks,  are  represented  in  the  model  by 
nodes  (see  Figure  8-3).  For  transient  problems,  the 
thermal  capacitance  of  the  nodes  is  included.  Th4 
number  of  nodes  tends  to  determine  the  accuracy  and, 
to  a  large  extent,  the  cost  of  the  analysis.  Thermal 
models  of  electronic  equipment  may  have  fewer  than 
five  nodes,  in  which  case  the  node  temperatures  can 
be  evaluated  in  closed  form,  or  they  may  have  hun¬ 
dreds  of  nodes,  in  which  case  computer  programs  are 
employed  to  calculate  the  temperatures.  Because  of  its 


Figure  8-2.  An  analylical  solution  can  ba 
obtained  by  a  simplified  representation.  '* 
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INOTE:  NUMBERS  NEXT  TO  aANO  INSIDE  CIRCLES  INDICATE  NODE  NUMBERS. 
8  DENOTES  THERMAL  RESISTANCE. 


DESCRIPTION  OF  THERMAL  MODEL 

LOCATION  CONNECTED  TO  NODE  BY  RESISTOR  NUMBER 


TRANSISTOR  JUNCTION 

2 

12 

TRANSISTOR  CASE 

3 

33 

MOUNTING  BRACKET  VERTICAL 

LEG 

4 

34 

MOUNTING  BRACKET  HORIZONTAL 

LEG 

5 

45 

COLO  PLATE 

4 

45 

Figurs  8-3.  A  simple  thermal  model  is  employed  to  snalyze  a  transistor,  mounting  bracket  and 

cold  plate  assembly. 

flexibility  and  relatively  low  cost,  the  numerical 
approach  is  well-suited  to  the  thermal  analysis  of 
electronic  equipment. 

teyas  OF  thehmal  analysis 


Thermal  analyses  are  performed  during  all 
phases  of  the  program  (see  Chapter  2  for  the  recom¬ 
mended  thermal  tasks).  The  knowledge  of  the  design 
and  the  degree  of  detail  required  of  the  analysi.s 
increases  as  the  design  prrtgresses  (see  Table  8-1). 

A  thermal  analysis  may  be  as  simple  as  making 
a  quick  on-the-spot  evaluation,  using  “back  of  the 
envelope”  calculations,  or  it  may  involve  solving  very 
complex  problems  requiring  the  use  of  highly  sophis¬ 
ticated  thermal  analyzer  computer  programs.  It  could 
lie  steady-state  or  a  transient  calculation,  depending 
on  the  application.  The  level  of  thermal  analysis  per- 


formed  depends  on  the  complexity  of  the  problem 
and  the  degree  of  accuracy  required.  There  are  three 
basic  levels  of  thermal  analysis;  preliminary,  interme¬ 
diate,  and  detailed. 

Preliminary  Analysis 

This  level  of  analysis  is  usually  performed  during 
the  conceptual  phase  of  the  p'agram.  !t  is  used  for 
performing  feasibility  studies  or  identifying  and 
exploring  alternative  concepts.  .Since  the  analysis 
results  need  not  be  highly  accurate,  only  approximate 
temperature  estimates  are  made,  usually  with  the  aid 
of  ptK'ket  or  desk  calculators  and  little  (<S25)  or  no 
computer  cost.  The  data  found  in  Appendix  E  can  be 
used  for  this  type  of  estimate.  These  temperature 
estimates  can  serve  as  a  basis  for  making  reliability 
predictions,  as  long  as  the  user  is  aware  of  their 
limited  accuracy.  An  example  of  a  preliminary  ther¬ 
mal  model  is  shown  in  Figure  8-4. 

Intarmadiata  Analysis 

This  level  of  analysis  is  more  detailed  because 
better  accuracy  of  the  part  temperatures  is  required. 
At  this  point  there  is  additional  definition  of  the 
requirements,  and  more  information  on  the  design. 
This  type  of  analysis  is  typically  performed  during 
the  early  stages  of  the  validation  phase,  when  selected 
candidate  solutions  ate  beginning  to  be  refined 
through  extensive  analysis. 

OataHad  Analysis 

This  level  of  analysis  typically  is  performed  dur¬ 
ing  the  later  stages  of  the  validation  phase  and  per¬ 
haps  the  early  stages  of  the  full-scale  engineering 


TABLE  8-1 .  STATUS  OF  THERMAL  DESIGN  DURING  PRE-PRODUCTION  PROGRAM 


Parameter 

AJiemative 

Design  Concepts 

Deoign  Concept 

Detailed  Design 

Ready  for  Production 

Dissipations 

Rough  parts  tounis.  dissipation 

Final  parts  (-(Hints,  preliminary 

Final  parlscounis.  final  dissi|>;iiion 

csiimines  dissipation  estimairs 

rhcTmal  rcsistamrs  Very  little  knowledge  Preliminary  drawings;  analysis;  Detailed  drawings;  analysis  and 

perhaps  lesi  tests 

Sink  temperatures  Rough  estimates  More  prenseiahulations  Pinal  t  ali ulations 

Kxressivfly  hot  parts  Perhaf>s  a  few  (ritual  ones  Parts  identified;  solutions  All  ptirts  within  requirements,  or 

identified  eomeived  waivers  iustified  for  others 

Le\el  of  thermal  analysis 


Preliminary 


Intermediate 


Detailed 


NODE  3 


CONDUCTING  STRIP  ON  CIRCUIT  BOARD 
PROM  TRANSISTOR  TO  ENCLOSURE 


GUIDE 


HOT  TRANSISTOR 
NODE  t 


NODE  4 

(ENCLOSURE  SURFACE) 

^RADIATION  FROM 

ENCLOSURE  TO  AMBIENT 


•NODE  5 

Ta 

AMBIENT 

AIR 


’CONVECTION  FROM 
ENCLOSURE  TO  AMBIENT 


CONVECTION  FROM 
TRANSISTOR  TO  INSIDE  AIR 


RUBBER  FEET 


Figure  8-4.  This  hve-node  thermal  model  depicts  a  transistor/circuit  board  unit. 


Figure  8-5.  This  plan  view  shows  a  detailed 
thermal  model  of  a  hybrid  microcircuit  with 
device  locations. 


development  phase.  At  this  point  the  design  require¬ 
ments  have  been  finalized,  and  the  design  is  close  to 
the  final  configuration.  Accurate  temperature  predic¬ 
tions  are  required  for  inputs  to  refined  reliability 
predictions,  and  a  high  degree  of  accuracy  is 
required.  This  level  of  analysis  relies  heavily  on 
high-speed  computers,  because  it  is  cost  effective  to 
do  the  large  amounts  of  required  computations. 

An  example  of  a  detailed  thermal  model  is  shown 
in  Figure  8-5.  With  such  a  model,  the  part  tempera¬ 
tures  can  be  predicted  to  within  6°C. 

COMPUTEH  PROGRAMS 

Even  the  most  complex  problem  can  be  solved  by 
numerical  means.  The  use  of  the  computer  has 
enhanced  the  ability  of  the  analyst  to  process  the 
large  amounts  of  calculations  inherent  in  numerical 
solutions.  Advances  in  computer  hardware  and  soft¬ 
ware  have  further  allowed  the  analyst  to  speed  work 
and  consider  designs  on  increasingly  higher  system 
levels. 

New  advances  in  software  and  hardware  have 
brought  in  the  era  of  Computer-Aided  Design 
(CAD)  and  Computer-Aided  Analysis  (CAA).  The 
advantages  of  automated  thermal  analysis  are 
(I)  shorter  duration  for  an  analysis,  (2)  decreased 
cost,  (3)  elimination  of  undetected  calculation  errors, 
and  (4)  greater  capability  to  optimize  the  design. 
These  advances  allow  the  use  of  interactive  graphics, 
netwt)rk  model  generators,  report  writers,  etc.,  which 
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continue  to  expand  the  capability  of  the  analyst  to 
do  a  more  effective  and  efficient  job.  Much  of  the 
prcx-essing  of  the  large  amounts  of  input  and  output 
data  involved  in  a  detailed  thermal  analysis  can 
be  automated.  Predicted  temperatures  can  be  used 
automatically  as  inputs  to  a  computerized  reliability 
prediction. 

Three  types  of  computer  programs  are  employed 
in  the  thermal  analysis  of  electronic  equipment:  ther¬ 
mal  analyzers,  specialized  programs,  and  optimiza¬ 
tion  programs. 

Thermal  Analyzer  Computer  Programs 

A  thermal  analyzer  computer  program  solves  the 
thermal  model  developed  by  the  analyst  and  predicts 
the  node  temperatures.  Commonly  used,  readily 
available  thermal  analyzers  are  listed  in  Table  8-2. 

Companies  wishing  to  establish  a  thermal  analy¬ 
sis  capability  can  take  one  of  two  approaches.  The 
first  approach  is  to  purchase  computer  programs  and 
make  them  operational  on  the  company’s  in-house 
computer.  .Secondly,  several  computer  companies  have 
operational  thermal  analyzers  and  sell  computer  time 
for  their  use;  the  service  may  include  instructions  in 
the  use  of  the  program. 

Specialized  Thermal  Computer  Programs 

Many  computer  programs  are  available  for  spe¬ 
cific  problems,  including  ^  ograms  for  radiation,  heat 
exchangers  (cold  plates),  aerodynamic  healing,  and 
just  about  every  other  conceivable  thermal  problem. 

Table  8-3  provides  a  listing  of  sources  for  some  of 
these  programs.  An  jtr/ily si  can  employ  the  help  of  a 
programmer  to  write  a  custom  program  for  a  specific 
application  or,  with  simple  computer  languages  such 
as  BASIC,  the  analyst  may  chtxtse  to  write  specific 
computer  programs. 

TABLE  8-2.  THERMAL  ANALYZER  COMPUTER  PROGRAMS 


Acronym 

Name 

Source 

— 

Lockheed  Thermal  Analyzer 

National  Aeronautics  and  Space  Administration 
Houston,  TX 

SINDA 

Systems  Improved  Numerical 

National  Aeronautics  and  Space  Administration 

Differencing  Analyzer 

Houston,  TX 

MITAS 

Martin  Marietta  Thermal 

Control  Data  Corporation 

Analyzer  System 

Minneapolis,  MN 

TABLE  8-3.  SPECIALIZED  THERMAL  ANALYSIS  COMPUTER  PROGRAMS 


Program 

Function 

Source 

C<)nfac2 

Radiant  Inter¬ 
change  Factors 

National  Aeronautics  and  Space  Administration 
Houston,  TX 

Cold-Plate  Heat  Transfer 
Computer  Program 

Cold-Plate 

Evaluation 

Rockwell  International 

Canoga  Park,  CA 

.\erodynamic  Heat 
Transfer  Program 

Aerodynamic 

Heating 

Rockwell  International 

Canoga  Park,  CA 

Heat  Exchanger 

Program 

Heat  Exchanger 
Performance 

Boeing  Co. 

Seattle,  WA 

TRASYS2 

Thermal 

Radiation 

National  Aeronautics  and  Space  Administration 
Houston,  TX 

Note:  For  a  list  of  available  heat  transfer  and  fluid-flow  programs  consult: 

Computer  .Software  Management  and  Information  Center  (CO.SMIC) 

112  Barrow  Hall 

University  of  Georgia 

Athens,  Georgia  30602 

National  Technical  Information  Service  (NTIS) 

U.S.  Department  of  Commerce 

5285  Port  Royal  Road 

Springfield,  Virginia  22151 

Thermal /Miability  Optimization  Computer  Programs 

Several  computer  programs  have  been  developed 
to  optimize  parts  placement  on  a  circuit  board  for 
maximum  reliability.  One  was  OPTEMP,  developed 
by  the  Air  Force.'"'*  OPTEMP  was  investigated  fur¬ 
ther  under  contracts  entitled  “Computer-Aided 
Design  for  Reliability  (CAD/R)”  and  “Integrated 
Thermal  Avionics  Design  (ITAD).” 

ITAD  is  being  developed  for  industry  and  govern¬ 
ment  use  under  an  Air  Force  Wright  Aeronautical 
Laboratories  contract.*'" 

These  optimization  methods  have  applications 
other  than  parts  placement.  At  one  end  of  the  scale, 
they  can  optimize  the  allocation  of  cooling  resources, 
such  as  the  allocation  of  coolant  to  the  modules  of  a 
forced-convection-cooled  unit.*'*®’  *■"  At  the  other  end, 
they  can  optimize  the  design  of  a  microcircuit  chip  to 
minimize  the  power  dissipation.*'*' 
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GUIDEUNES  FOR  HAVING  A  THERMAL  ANALYSIS 
PERFORMED 


Thermal  Analysis 

Thermal  analysis  should  be  performed  by  special¬ 
ists  having  training  in  heat  transfer.  Although  pre¬ 
liminary  temperature  estimates  can  be  made  with  the 
aid  of  the  graphs  in  Appendix  E,  more  detailed  pre¬ 
dictions  require  computer  programs.  Thermal  spe¬ 
cialists  have  the  know-how  to  use  these  programs, 
and  have  data  banks  on  material  propterties  and  ther¬ 
mal  resistances. 

It  is  best  to  have  thermal  specialists  who  are  full¬ 
time  employees.  However,  some  organizations  do  not 
maintain  an  in-house  thermal  group.  For  such  orga¬ 
nizations,  thermal  consultants  are  available.  To  use  a 
consulting  service  cost-effectively,  one  should  give  the 
consultant  a  specific,  well-defined  task. 

Thermal  Analysis  Inputs 

The  information  required  for  a  thermal  analysis 
includes  all  the  factors  that  affect  dissipations,  ther¬ 
mal  resistances,  and  sink  temperatures.  The  major 
types  of  data  needed  are  physical  drawings  of  the 
electronic  equipment,  showing  part  locations  and 
mounting  techniques;  part  specifications,  listing  such 
data  as  junction-to-case  thermal  resistance  (^jc);  anti 
mounting  surface  temperature,  or  coolant  flow  rate 
and  inlet  temperature.  It  is  important  to  provide  the 
analyst  with  as  much  of  this  information  as  possible, 
because  the  labor  required  to  collect  these  data  can 
represent  a  large  fraction  of  the  total  cost  of  a  ther¬ 
mal  analysis. 

Cost  of  a  Thermal  Analysis 

The  cost  (C)  of  a  thermal  analysis  is  given  by 

C  =  (Rl)  (LH)  +  (Rc)  (CH),  (8-1) 

where  Rl  is  the  hourly  labor  rate,  LH  is  the  number 
of  labor  hours,  Rt  is  the  hourly  rate  for  computer 
time,  and  CH  is  the  number  of  computer  hours.  The 
labor  rate  for  thermal  consultants  in  1981  is  roughly 
$50-100  per  hour.  The  labor  and  computer  rates  at 
organizations  vary  widely  and  are  subject  to  change. 

The  number  of  labor  and  computer  hours 
required  for  a  thermal  analysis  depends  on  the  fac¬ 
tors  listed  in  Table  8-4.  The  number  of  computer 


hours  defwnds  on  the  computer,  the  thermal  analyzer 
used,  and  the  number  of  nodes  in  the  thermal  model. 

The  computer  cost  of  a  thermal  analysis  is  gener¬ 
ally  much  lower  than  the  labor  cost.  Approximate 
costs  of  a  thermal  analysis  of  typical  electronic  equip¬ 
ments  are  listed  in  Table  8-5.  Future  advances  in 
automation  can  be  expected  to  result  in  a  decrease  in 
the  labor  cost  of  a  thermal  analysis. 

SUMMARY 

Modem  thermal  analysis  techniques  are  accu¬ 
rate  and  relatively  inexpensive.  Therefore  ther¬ 
mal  analysis  is  a  cost-effective  way  to  evaluate 
candidate  designs,  provide  part  temperatures  for 
reliability  predictions,  and  identify  test  instru¬ 
mentation  locations.  Furthermore,  methods  are 
available  to  optimize  thermal  designs  for  maxi¬ 
mum  reliability. 


TABLE  8-5.  APPROXIMATE  COSTS  OF  A  THERMAL  ANALYSIS 


Type  of 
Equipment 

Level  of 
Analysis 

Number  of  Nodes 
in  Thermal  Model 

Labor* 

Computer 
Cost,  $ 

Transformer 

Preliminary 

Less  than  5 

1  day 

0 

Intermediate 

15 

1  week 

100 

Detailed 

50 

2  weeks 

500 

Circuit  board 

Preliminary 

Less  than  5 

1  day 

0 

Intermediate 

20 

1  week 

100 

Detailed 

70 

2  weeks 

1000 

C.old-plaie-mounied 

Preliminary 

Less  than  5 

2  days 

0 

module 

Intermediate 

30 

1  week 

200 

Detailed 

100 

3  weeks 

1000 

Electronic  cabinet 

Preliminary 

Less  than  5 

1  week 

0 

Intermediate 

100 

2  weeks 

1000 

Detailed 

300 

2  months 

2000 

*  \»nnirs  .1  therm. i( 

with  a  minimum 

yeiirs  experiemr. 

58 


CHAPTERS 
THERMAL  TESTING 


This  chapter  discusses  the  purposes  of  thermal 
testing,  thermal  test  plans,  and  testing  proce¬ 
dures  (simulation  of  thermal  environments  and 
instrumentation). 

PURPOSES  OF  THERMAL  TESTING 

A  thermal  lest  of  eletironic  equipment  consists 
of  the  measurement  of  the  part  temperatures  in  a 
laboratory  simulating  operating  conditions.  Testing  is 
an  important  method  for  evalu.uing  and  determining 
the  acceptability  of  the  thermal  design  of  electronic 
equipment.  The  purposes  of  thermal  testing  are  listed 
in  Table  9-1. 

Other  tests  and  piocesses  have  similar  names.  A 
thermal  survey,  required  by  MIL-STD-781,  ItK-ates 
hot  spots  and  measures  the  thermal  stabilization  time 
of  selected  parts.  In  a  temperature  test,  the  equip¬ 
ment  is  subjected  to  a  variety  of  thermal  environ¬ 
ments  (K'curring  during  its  mission  profile,  and  the 
equipment’s  ability  to  withstand  these  environments 
is  determined.  In  a  thermal  screening  process,  the 
equipment  is  subjected  to  a  variety  of  thermal  envi¬ 
ronments  (not  necessarily  identical  to  the  operational 
environments)  for  the  purpose  of  detecting  flaws. 

TESTING  IN  THE  VARIOUS  PROGRAM  PHASES 

Testing  is  usually  required  in  each  of  the  pro¬ 
gram  phases.  It  is  especially  important  to  test  in  the 
early  phases  where  it  is  most  cost  effective  to  correct 
any  problems  discovered  in  the  tests. 

The  type  of  equipment  tested  depends  on  when 
the  test  is  conducted.  Early  in  the  program,  the 
actual  hardware  is  not  available;  and  tests  are 
performed  with  thermal  mockups  whose  physical 
characteristics  are  similar  to  those  of  the  production 
hardware.  Dissipations  in  thermal  mockups  may  have 
to  be  simulated.  Later  tests  use  prototypes,  which 
become  closer  to  the  production  hardware  as  the  pro¬ 
gram  progresses. 

PLANNMG  A  THERMAL  TEST 

Developing  a  good  test  plan,  one  of  the  most 
important  steps  in  thermal  testing,  involves  the  reli¬ 
ability  and  thermal  engineers.  The  key  elements  arc 
setting  test  acceptance  criteria,  ensuring  test  realism 


TABLE  9-1 .  PURPOSES  OF 
THERMAL  TESTING 

•  Evaluate  most  promising  design(s). 

•  Provide  experimental  check  of 
analytical  assumptions. 

•  Uncover  hardware  problems. 

•  Verify  dissipations. 


59 


TABLE  9-2.  WAYS  TO  ENSURE 
TEST  REALISM 

Dissipations 

•  L  se  prototype  equipment,  and  test 
o|)eraiional  modes;  with  test  of  thermal 
moikup  or  if  some  modules  are  missing, 
simulate  part  dissipations. 

•  Simulate  heat  loads  from  adjacent 
equipment  and  solar  radiation  (not 
important  with  flow-through  or  cold- 
wall  modules). 

Thermal  Resistances 

•  When  available,  test  equipment  having 
same  construction  materials  and  assem¬ 
bly  techniques  as  production  hardware. 

•  Test  high-altitude  equipment  in  an 
evat  uated  environmental  chamber,  and 
Insulate  the  equipment  to  minimize  heat 
leaks  by  radiation  and  free  convection  to 
laltoratory  surroundings. 

•  Minimize  heat  leaks  by  conduction 
along  power  leads  and  thermocouple 
wires. 

•  Shield  free-c<invection-cooled  equip¬ 
ment  from  the  environmental  chamber 
blowers. 

•  With  forced-convection-c(Kiled  equip¬ 
ment,  use  the  same  ctKvlant  flow  rates  as 
in  field  operation. 

Sink  Temperatures 

•  Test  free-convection-c(K)led  equipment 
in  air  having  the  same  temperature  as  in 
the  operational  environment. 

•  With  forced-conveciion-coolcd  equip¬ 
ment,  use  the  same  coolant  inlet  tem¬ 
peratures  as  in  field  operation. 

•  With  equipment  mounted  to  a  constant- 
temperature  surface,  use  the  same  tem¬ 
perature  as  in  the  field. 


and  selecting  the  quantities  to  measure  and  the  in¬ 
strument  locations. 

insuring  Test  Realism 

A  realistic  thermal  test  requires  laboratory  simu¬ 
lation  of  all  the  factors  which  affect  the  part 
operating  temperatures,  namely,  dissipations,  thermal 
resistances,  and  sink  temperatures.  Guidelines  for 
achieving  a  meaningful  thermal  test  are  listed  in 
Table  9-2. 

The  reliability  and  thermal  engineers  ensure  that 
the  tested  equipment  is  representative  of  the  produc¬ 
tion  hardware,  that  the  test  setup  is  an  adequate  sim¬ 
ulation  of  the  field  environment,  and  that  the  mission 
is  simulated  properly.  Often  an  environmental  cham- 
lier  is  required  for  these  purposes,  as  shown  in  Fig¬ 
ure  9-1.  The  reliability,  thermal,  and  environmental 
test  engineers  collaborate  in  planning  a  test  suitable 
for  the  available  test  facilities. 

They  also  select  the  level  of  assembly  for  the  test. 
'Tests  can  be  made  with  individual  parts  (such  as 
measurements  of  the  junction-tiv-case  thermal  resis¬ 
tance,  of  a  semiconductor  device),  small  assem¬ 
blies  (such  as  a  hybrid  microcircuit,  a  printed  circuit 
board,  or  a  flow-through  module),  or  entire  units  or 
cabinets.  The  guidelines  in  Table  9-2  apply  to  tests 
itt  any  level  of  assembly. 

Selecting  Instrumentation  Quantities  and  Locations 

The  quantities  to  measure  in  a  thermal  test  are 
part  operating  temperatures  and  quantities  which 
affect  them:  dissipations,  thermal  resistances,  and  sink 
temperatures  (see  Table  9-3).  The  number  of 
parameters  which  can  be  measured  is  dictated  largely 
by  the  capabilities  of  the  test  facility.  With  modern 
computer  hardware  and  software  (see  Figure  9-2), 
the  simultaneous  measurement  of  hundreds  of  vari¬ 
ables  is  feasible. 

Dissipations  are  measured  by  standard  electrical 
methods  (i.e.,  measurements  of  voltage  drop  and  cur¬ 
rent).  The  dissipation  can  be  measured  easily  at  the 
unit  level  and  often  down  to  the  module  or  circuit- 
bvtard  level.  Unfortunately,  it  is  difficult  to  measure 
the  dissipations  of  the  individual  circuitry  in  an 
assembly.  Such  measurements  would  require  disrup¬ 
tions  to  the  hardware,  such  as  lifting  leads,  and  gen¬ 
erally  are  not  done. 
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Figure  9  - 1 .  An  avionic  assembly  is  tested  in  an  evacuated  environmental  chamber  to  simulate  the 
flight  altitude  and  ambient  temperatures. 


Figure  9-2.  Modern  data  acquisition  and  control  systems  enable  the  measurement  of 
many  quantities  in  a  thermal  test. 
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TABLE  9-3.  QUANTITIES  TO  MEASURE  AND 
LOCATIONS  TO  INSTRUMENT 

Part  Temperatures  (selected  using 
thermal  analysis  and  reliability  prediction 
results) 

•  Hoi  pans 

•  Temperaiure-sensiiive  pans 

•  Represeniaiive  pans 
Dissipations 

•  Eleitrical  measuremem 

•  VViih  for(ed-idn\ei lion-cooled  equip- 
meni,  check  wiih  measuremem  of  heai- 
flow  rale  inio  loolani 

Thermal  Resistances 

•  Junciion-io-case  ihermal  resisiance. 

(wiih  semiconducior  devices) 

•  Inierface  ihermal  resisiances 

•  Coolani  flow  rale  and  pressure  drop 
(wiih  forced-conveciion-cooled 
.quipmeni) 

Sink  Temperatures 

•  Clhamber  leinperaiure  (wiih  free- 
conveci ion-cooled  eq u i  pmen i ) 

•  Coolani  inlei  and  ouilei  lemperaiures 
(with  forced-conveciion-cooled  equip- 
meni) 

•  Mouniing-surface  lemperaiure  (with 
equipment  moi  nted  to  consiani- 
lempeinture  surface) 

•  Accessible  local-sink  lemperaiures, 
such  as  representative  circuil-board 
lemperaiures 

Other 

•  Simulated  altitude  in  environmenial 
chamber 


C’.onsequenily,  measurements  of  the  dissipation 
distribution  within  an  assembly  are  not  available  to 
the  reliability  engineer.  Instead,  estimated  or  nominal 
dissipations  must  be  used  in  test-data  interpretation. 

An  alternative  method  of  measuring  module 
or  unit  dissipation  is  feasible  for  forced-convection- 
cooled  equipment.  Because  all  the  heat  goes  into 
the  coolant,  the  measured  values  of  coolant  flow  rate 
and  inlet  and  exhaust  coolant  temperatures  provide 
a  check  on  the  electrically  measured  dissipation. 

(See  section  on  “Fluid  Exit  Temperature”  in  Appen¬ 
dix  C.)  If  the  dissipations  measured  by  the  two  tech¬ 
niques  do  not  agree  within  the  experimental  error, 
then  the  likely  causes  of  the  discrepancy  are  (1)  heat 
leaks;  (2)  coolant  leaks,  a  potential  problem  especially 
with  air-cooled  equipment;  (3)  an  error  in  the  electri¬ 
cal  measurement  (for  example,  not  measuring  the 
voltage  drop  across  the  appropriate  terminals  in  the 
circuit);  and  (4)  an  error  in  the  coolant-temperature 
measurement  (when  measuring  air  temperature  with 
a  thermocouple,  wire  no  larger  in  diameter  than 
36  .'\WG  is  recommended  to  minimize  conduction 
heat  leaks). 

The  ihermal  resistances  listed  in  Table  9-3  gen¬ 
erally  are  measured  indirectly,  because  it  is  not  feasi¬ 
ble  to  access  the  necessary  instrumentation  locations 
in  a  packaged  assembly.  The  junction-to-case  thermal 
resisiance  (Pje)  of  a  semiconductor  device  is  measured 
in  separate  tests  of  a  sample  of  vendor-supplied  parts. 
Numerous  methods  for  measuring  <>jc  have  been 
developed.’”'^  iSrouih  s-si  Vendor-quoted  values  of  dje 
generally  are  much  higher  (more  conservative)  than 
values  of  the  supplied  parts.  If  over-temperature 
problems  exist,  the  values  for  dje  can  be  measured. 
Thermal  resistances  of  contact  interfaces  and  adhesive 
bonds  also  are  best  measured  in  a  separate  test  at  the 
part  or  subassembly  level. 

The  coolant  flow  rate  always  is  measured  in  ther¬ 
mal  tests  of  forced-conveciion-cooled  equipment. 
Methods  for  measuring  the  flow  rate,  pressure,  and 
velocity  are  well-established,  and  many  instruments 
are  available  commercially.*"''*’*’*’*  Because  of  the 
low  flow  rates  and  small  pressure  changes  occurring 
with  air-cooled  equipment,  sensitive  flow  instrumen¬ 
tation  is  needed.  Pressure  drops  and  the  pressure- 
head  capabilities  of  cooling  blowers  arc  on  the  order 
of  a  few  hundred  pascals  (a  fraction  of  an  inch  or  a 
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Ie»\’  inches  of  water).  Therefore  inclined  water  ma¬ 
nometers  are  commonly  employed.  The  flow  rate  can 
be  measured  as  a  function  of  the  pressure  drop  for  an 
individual  module  or  unit  (see  Figure  9-3).  This 
calibration  curve  can  be  used  subsequently  for  leak 
checking,  inspecting  the  pressure-drop  characteristics 
of  production  hardware,  and  matching  to  a  blower. 

Temperature  measurements  are  the  heart  of  ther¬ 
mal  testing.  For  this  reason  and  because  advances  in 
thermal  instrumentation  have  been  made  in  recent 
years,  temperature-measurement  methods  are 
described  in  the  following  section. 

TEMPERA  TUBE  MEASUREMENT  METHODS 

Temperature  measurement  methods  can  be  cate¬ 
gorized  according  to  the  temperature  sensitive  param¬ 
eters  (TSP)  employed  and  according  to  whether  the 
sensiti'.e  element  must  touch  the  item  whose  tempera¬ 
ture  is  to  be  measured  {contact  method)  or  the  tem- 
pteraiure  can  be  measured  remotely  {non-contact 
method).  .Some  of  the  methods  commonly  used  in  a 
thermal  laboratory  are  listed  in  Table  9-4  and 
described  below. 

The  familiar  liquid-in-glass  thermometer  can  be 
used  for  approximate  measurements  of  the  ambient 
temperature  in  a  laboratory.  Spatial  and  temporal 
variations  of  the  ambient  temperature  in  a  laboratory 
may  be  significant. 

Temperature-sensitive  paints,  lacquers,  crayons, 
and  pellets  employ  materials  whose  appearance 
changes  irreversibly  when  the  temperature  exceeds  a 
specified  value.  A  useful  form  of  this  instrument  is  a 
label  containing  several  indicators,  each  having  a 
unique  temperature  rating  (transition  temperature). 
Labels  small  enough  for  use  on  modern  microelec¬ 
tronic  parts  are  available  commercially.  They  inher¬ 
ently  indicate  only  the  maximum  temperature 
reached  in  a  test,  and  can  be  useful  for  approximate 
measurements  of  this  type. 

The  thermocouple  is  well-suited  to  thermal  test¬ 
ing  of  electronic  equipment  and  is  widely  used.  Its 
advantages  include  suitability  for  automated  data 
ticquisition  (see  Figure  9-2)  and  for  temperature 
measurement  of  parts  in  assemblies  in  environmental 
( hambers.  Its  disadvantages  arise  from  its  contact 
nature  and  its  electrical  sensitivity. 


Figure  9-3.  The  flow-impedance  characteristics  of  forced- 
convection-cooled  equipment  can  be  measured  in  a 
separate  test  on  a  flow  bench. 
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TABLE  9-4.  TEMPERATURE  MEASUREMENT  METHODS 


Method 

Temperature-Sensitive 

Parameter 

Application 

What  to  Watch  Out  for 

Coniacl 

Thermometer 

Length  of  liquid  column 

Ambient 

Spatial  variation  in  laboratory 

Labels,  etc. 

.'\ppearance  of  material 

Approximate  measurements 

Overshoot  during  warm-up 

Thermocouple 

Voltage  at  junction  of 
unlike  conductors 

Assemblies  in  environmental 
chambers 

Improper  installation’  ' 

.Non-contact 

Infrared 

Radiation  emitted  from 
surface 

Deliverable  hardware;  detecting 
hot  spots 

Emissivity  variances;  spurious 
radiatioii 

Laser 

Photoresponse  of  semi¬ 
conductor  Junction 

Junction  temperature  of  unlidded 
semiconductor  devices 

Junction  must  be  accessible  to 
laser  beam 

Electrical 

Solid-state  physics 
phenomena  (e.g.,  diode 
forward-voltage  drop) 

Junction  temperature  of  semi¬ 
conductor  devices 

Measure  lixation  representa¬ 
tive  of  hottest  junction 

Proper  installation  of  the  thermocouple  is  a  key  to 
a  meaningful  measurement.  A  poor  contact  between 
the  thermocouple  measurement  junction  and  the  mea¬ 
surement  surface  can  lead  to  an  error  in  the  indicated 
temperature.’"'  An  adhesive  bond  (e.g.,  solder  or 
epoxy)  is  preferred;  tape  is  a  less-desirable  attach¬ 
ment  method.  Damage  due  to  a  bond  might  be  objec¬ 
tionable  with  deliverable  hardware.  Another  possible 
source  of  error  is  a  spurious  voltage  signal  resulting 
from  the  installation  of  a  thermocouple  on  an  un¬ 
grounded  metallic  surface.  This  error  can  be  prevent¬ 
ed  by  placing  a  1-mil  thick  piece  of  Mylar  tape  be¬ 
tween  the  thermocouple  bead  and  the  metallic  surface 
to  provide  effective  electrical  isolation  with  negligible 
thermal  effect. 

Infrared  (IR)  thermography  is  based  on  the  tem¬ 
perature  dependence  of  the  radiation  emitted  from  a 
surface.  It  is  a  non-contact  technique  and  has  advan¬ 
tages  over  the  contact  methods  in  that:  (1)  no  instru¬ 
mentation  has  to  be  attached  to  the  test  item,  which 
is  important  especially  with  deliverable  hardware; 

(2)  there  is  no  practical  limitation  on  the  number  of 
locations  at  which  the  temperature  can  be  measured; 
and  (3)  the  instrumentation  locations  do  not  have 
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lo  l)e  selecied  in  advance,  so  that  a  hot  spot  on  a 
circuit  board  can  be  detected  even  if  one  was  not 
suspected. 

The  disadvantages  of  the  IR  method  arise  from 
its  optical  nature.  Because  the  test  item  must  be  visi¬ 
ble,  the  IR  method  is  unsuitable  for  temperature 
measurements  in  an  enclosed  unit  and/or  in  an  envi¬ 
ronmental  chamber.  Furthermore,  variances  in  the 
emissivity  of  the  test  item  and  spurious  radiation 
from  the  test  apparatus  and/or  the  surroundings  can 
luse  an  error. 

.'\  l.iser  technique  for  measuring  junction  tem¬ 
peratures  of  semiconductor  devices  was  developed 
in  the  1970s.  The  TSP  is  the  photoresponse  of  a 
semiconductor  junction,  which  dictates  an  unlidded 
part  and  an  unobscured  junction.  The  laser  tech¬ 
nique  appears  to  have  several  advantages,  including: 
(1)  excellent  resolution,  (2)  very  little  test-item  prep¬ 
aration,  and  (3)  not  dependent  on  the  surface  emissi¬ 
vity  (a  key  factor  with  the  IR  method). 

Electrical  techniques  have  been  used  widely  for 
many  years  for  measuring  junction  temperatures.  The 
TSP  can  be  any  of  several  parameters  involved  with 
the  solid-state  physics  of  the  device  (e.g.,  the  forward 
voltage  drop  across  a  diode  on  the  chip).  Electrical 
methods  have  the  advantages  of  being  non-contact 
and  applicable  to  a  lidded  part.  A  disadvantage  is 
that  a  suitable  measurement  location  (e.g.,  a  diode  on 
the  chip)  might  not  be  easily  accessible  to  an  electri¬ 
cal  measurement.  In  addition,  the  measurement  diode 
must  have  a  temperature  close  to  that  of  the  hottest 
junction  on  the  chip,  which  will  determine  the  chip’s 
failure  rate. 

SUMMARY 

Thermal  testing  involves  the  assembly  and 
testing  of  hardware  to  evaluate  the  thermal 
design  of  electronic  equipment.  Testing  may  occur 
in  each  of  the  four  acquisition  phases.  The  reli¬ 
ability  and  thermal  engineers  participate  in  devel¬ 
oping  the  test  plan  to  ensure  test  realism  and  to 
decide  what  quantities  to  measure.  An  effective 
thermal  evaluation  must  include  simulation  of 
thermal  environment  factors  (dissipations,  thermal 
resistances,  and  sink  temperatures)  and  proper 
instrumentation  to  measure  part  temperatures  and 
the  quantities  that  affect  them. 


I^igure  9-4.  Testing  is  an  important  thermal 
evaluation  method. 
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CHAPTER  10 

THERMAL  ENVIRONMENTAL  STRESS  SCREENING  (BURN-INI 


Figure  10- 1 .  Part  temperatures  lag  chamber  air 
temperature. 


This  chapter  covers  the  use  of  thermal  screen¬ 
ing  for  flaw  precipitation.  In  particular,  it  dis¬ 
cusses  the  various  equipment  levels  of  thermal 
screening,  the  cost  benefits  of  screening  at  lower 
levels,  and  the  importance  of  thermal  surveys. 

WHAT  IS  SCREENING? 

•Screening  is  a  process  performed  on  ail  items 
(pan,  module,  unit,  or  system).  It  is  intended  to  iden¬ 
tify,  force,  and/or  segregate  those  items  defined  as 
'.'eciive.  An  environmental  stress  screen  is  the  appli- 
i  ion  of  a  specific  environmental  stress  or  stresses 
(for  example,  thermal  and  vibration  environments)  to 
produce  the  desired  separation  or  screening  effect. 

The  screening  process  forces  failures  to  occur  in 
the  factory  that  would  otherwise  occur  in  field  usage. 
.\s  a  result,  field  reliability  is  improved  and  the  cost 
of  repair  factory  failures  is  optimized. 

Not  all  environments  are  effective  screening  envi¬ 
ronments.  The  environment  which  becomes  an  effec¬ 
tive  screen  is  the  environment  which  precipitates  the 
highest  percentage  of  defects,  in  the  shortest  time, 
without  degrading  the  unit  being  screened.  Screening 
should  not  be  related  to  the  mission  requirements 
other  than  to  limit  the  screening  stress  levels  so  that 
design  capability  is  not  exceeded. 

A  screen  is  not  a  test.  Tests  imply  accept/reject 
criteria  and  minimizing  failures;  screens  do  not 
involve  accept/reject  criteria,  and  should  maximize 
the  number  of  defects/failures  per  unit  of  time  and 
level  of  stess. 

Screening  technology  is  growing.  Many  ideas  and 
concepts  are  changing,  and  considerable  effort  has 
been  expended  in  the  definition  process.  Therefore 
actual  rates  of  change,  temperature  limits,  and  num¬ 
bers  of  cycles  cannot  be  universally  applied  to  all 
types  of  equipment.  Generally  they  are  determined 
experimentally  and  tailored  to  the  desired  screening 
results. 

THE  NEED  FOR  THERMAL  SURVEYS 

The  need  to  perform  thermal  surveys  before  any 
screening  test  must  be  emphasized.  As  shown  in  Fig¬ 
ure  1 0- 1 ,  the  thermal  response  of  hardware  can  lag 
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the  t'hamber  air  lemperaiure  profile.  In  aHdition,  if 
the  unit  is  normally  aKtled  with  externally  supplied 
air,  the  unit  is  even  more  insensitive  to  the  chamber 
air  variations.  In  such  units,  it  is  advisable  to  cycle 
the  cooling-air  temperature  to  achieve  temperature 
response  at  the  part  level.  In  this  way,  a  thermal 
screen  can  be  designed  which  imposes  meaningful 
thermal  stresses  on  parts,  solder  joints,  etc.,  to  force 
flaws  to  failure.  However,  the  thermal  survey  should 
assure  a  screen  which  precipitates  flaws  but  does  not 
cause  g(X)d  equipment  to  fail. 

LEVELS  OF  THERMAL  SCREENS 

Thermal  screens  can  be  conducted  on  production 
hardware  at  the  part  level,  on  assemblies  (e.g.,  mod¬ 
ules),  on  units,  and  finally  on  the  system  (groups  of 
units),  sometimes,  called  system  burn-in.  Where  prac¬ 
tical,  screens  should  be  implemented  at  the  lowest 
possible  level,  since  flaws  detected  at  higher  levels 
(e  g.,  unit/  system/system  integration  into  vehicle) 
are  more  expensive  to  remove.  For  example,  the  costs 
of  finding  a  bad  part  for  different  levels  of  assembly 
are  documented  in  Table  10-1.  As  can  be  seen, 
repair  costs  at  the  system  level  are  two  to  three  times 
those  at  lower  levels,  while  repair  costs  in  the  field 
are  an  order  of  magnitude  higher  than  at  the  system- 
level. 

In  most  cases,  parts  screening  is  done  at  a  vendor 
for  economic  and  corrective  action  reasons;  also  the 
precipitation  of  flaws  in  system-level  screens  is  not 
particularly  cost  effective.  Therefore  this  chapter  will 
focus  on  thermal  screening  at  the  module  and  unit 
levels  of  assembly. 

ModuN-Lwtl  Th0rnMl  Sertming 

The  easiest  and  most  economical  thermal  screen 
at  the  module  level  is  temperature  cycling  with  the 
module  unpowered.  Studies  at  Hughes  have  shown 
that  (except  often  for  optical  devices)  the  rate  of 
change  of  temperature  in  unpowered  temperature 
cycling  should  be  high  (10-15°C/minute),  while  still 
maintaining  the  desired  temperature  range  (at  least 
120°C).  However,  the  cycle’s  extreme  temperatures 
should  not  exceed  the  parts  specification  limits.  The 
study  also  recommends  that  the  number  of  thermal 
cycles  be  from  20  to  SO,  depending  on  the  complexity 
of  the  modules  and  any  special  failure  mode  that 
must  be  screened.'®"’ 


TABLE  10-1.  HIGH  LOGISTIC  SUPPORT  COSTS 
OF  FINDING  A  BAD  PART 


Level  at  Which  Bad 
Part  Is  Found 

Cost  Divided  by  Cost 
of  Finding  Bad  Part 
at  Module  Level 

Pan 

0.1 

Module 

1.0 

Unit 

1.4 

System 

3 

In  Field  Use 

44 
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Figure  10-2.  The  thermal  screening  profile 
should  reflect  part  temperature,  not  cham¬ 
ber  temperature. 


Figure  10-3.  It  is  necessary  to  identify 
what  the  temperature  requirement  in  a 
burn-in  process  refers  to. 


TABLE  10-2.  PARTIAL  LIST  OF  FLAWS  AND 
FAILURE  MECHANISMS  ACCELERATED  BY 
HIGH  TEMPERATURE  STRESS 


Flaws 

Failure  Mechanisms 

Chemical  residues 

Corrosion /oxidation 

.Sodium  ion 

Redistribution 

Organic  material 

Aging 

Lubricant 

Evaporation 

Insulation 

Electrical  breakdown  or  cold 
flow 

Mechanical  parts 

Expansion/Jamming  or 
softening 

Cracks 

Fractures 

Ciuidelines  for  module-level  thermal  screening  are 
(1)  rates  of  change  greater  than  20°C/minute  should 
he  avoided  because  they  can  cause  failures  in  bonds 
in  optical  assemblies  and  excessive  solder  cracking, 
and  (2)  modules  should  be  tested  at  low  and  high 
temperature  extremes  to  detect  performance  or  timing 
problems. 

Unit-Level  Thermel  Screening 

When  unit-level  thermal  screening  is  used,  the 
temperature  histories  of  sensitive  parts  may  vary 
widely  from  the  thermal  chamber  temperature  pro¬ 
file.  Therefore,  the  thermal  cycle  should  be  defined 
by  parts  temperatures,  not  by  the  chamber  tempera¬ 
ture.  Stabilization  is  usually  defined  as  the  time  when 
two-thirds  of  the  parts  are  at  the  required  tempera¬ 
ture.  .\n  example  of  a  generalized  thermal  profile  or 
cycle  is  shown  in  Figure  10-2. 

The  upper  and  lower  temperature  limits  of  the 
profile  and  the  number  of  cycles  should  be  defined  on 
a  case-to-case  basis.  In  some  cases,  one  could  even 
exceed  the  operating  limits.  The  rate  of  change  of 
temperature  should  be  as  rapid  as  possible,  with 
optional  dwell  times  at  temperature  limits.  Typically, 
one  would  start  with  four  or  five  cycles.  However, 
these  screens  should  be  adapted  to  the  subsequent 
failure  history;  (for  example,  if  the  fourth  and  fifth 
cycles  show  no  failures,  they  would  be  dropped.  A 
key  is  to  have  contractual  requirements  flexible 
enough  to  allow  such  changes. 

THERMAL  ASPECTS  OF  PART  BURN-IN 

In  some  screening  processes  (part  burn-in),  a  part 
is  powered  while  maintained  at  a  constant  high  tem¬ 
perature  for  an  extended  period.  For  example,  the 
process  might  consist  of  operation  at  125°C  for  168 
hours.  The  part  is  maintained  at  a  constant  tempera¬ 
ture  by  a  liquid  or  gaseous  coolant.  The  coolant  tem¬ 
perature  and  the  thermal  resistance  between  the  cool¬ 
ant  and  the  part  are  key  factors  in  the  success  of  the 
pan  burn-in  process.  As  has  been  emphasized  in  this 
guide,  a  dissipating  part  is  always  hotter  than  its 
coolant.  The  difference  between  the  part  temperature 
and  the  ct«lant  temperature  equals  the  product  of  the 
pan  dissipation  and  the  thermal  resistance.  It  is  nec¬ 
essary  to  account  for  this  temperature  difference  in 
designing  a  burn-in  process.  If  operation  is  too  hot, 
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good  pans  might  fail.  If  operation  is  too  cool,  bad 
pans  might  not  be  detected. 

In  interpreting  military  documents  (e.g.,  MIL- 
.STl)-883),  the  temperature  requirement  must  Ite 
clearly  understood."’  For  example,  does  125°C 
refer  to  the  temperature  of  the  part  junCvion,  its  case, 
or  the  coolant?  They  are  different,  as  illustrated  in 
Figure  10-.'^,  For  high-dissipation  parts  (20  W),  the 
case  may  be  40°C  hotter  than  the  ctKilant;  this  differ¬ 
ence  must  be  accounted  for  in  designing  a  burn-in 
prtK'ess. 

FLAWS  AND  FAILURE  MECHANISMS 
ACCELERATED  BY  THERMAL  SCREENING 

Tables  10-2,  10- .3,  and  10-4  shotv  a  partial 
list  of  flaws  and  failure  mechanisms  accelerated  by- 
high  temperature  stress,  thermal  cycling,  and  non¬ 
operating  cycling. 

SUMMARY 

Thermal  screening  is  one  process  by  which 
flaws  in  production  hardware  are  precipitated. 
Thermal  screens  applied  at  the  module  and  unit 
levels  include  high  temperature  stress,  thermal 
cycling,  and  non-operating  cycling.  Before  any 
screening,  thermal  surveys  need  to  be  performed 
to  measure  the  equipment’s  response  to  tempera¬ 
ture  variations. 


TABLE  10-3.  PARTIAL  LIST  OF  FLAWS  AND 
FAILURE  MECHANISMS  ACCELERATED  BY 
TEMPERATURE  CYCLING 


Flaws 

Failure  Mechanisms 

.Moisture 

Clorrosion  from  liquid-phase 
water 

.Mechanical  part 
cracks 

Fracture 

lnsulaiif)n  cracks 

Electrical  breakdown 

Lbisoldered  joints 

Open  circuit 

0()en  hermetic 
seals 

Oontaminaiion 

TABLE  10-4.  FAILURE  MECHANISMS 
EXPERIENCED  IN  NON-OPERATING 
THERMAL  CYCLING  TEST 


Item 

Type  of  Failure 

Parts 

IC 

Open  contact  wire  Ixtnd 
fracture/die  bond  separation 

LSI 

(bracked  quariz/casc  fracture 

.Solder 

Shorts/'fractures 

;\ssemblies 

Oontaminaiion /shorting 
Part/board  bond  separation 

Printed  wiring 
boards 

Open  interfacial  connections 
Barrel  cracks 

(ane  memories 

Oore  fracture 

Memory  wire  cracks 
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CHAPTER  11 

PRODUCTION  HARDWARE  THERMAL  EVALUATION 


TABLS  n-1 .  ELEMENTS  OF  THE  PRODUCTION- 
PHASE  THERMAL  PROGRAM 

•  Establish  tolerances  on  production 
processes  affecting  part  temperatures. 

•  Establish  means  for  verifying  that 
hardware  meets  those  tolerances. 

•  Evaluate  thermal  impact  of  proposed 
changes. 


Figure  11-1.  The  part  failure  rate  dictates  the  part 
temperature  operating  limits. 


This  chapter  describes  thermal  evaluation 
during  the  production  phase  of  a  program.  It 
includes  the  purpose  and  elements  of  production- 
phase  thermal  programs,  and  concludes  with  a 
discussion  on  thermal  inspection  technology. 

PRODUCTION  PHASE  THERMAL  EVALUATION 

The  objective  of  thermal  evaluation  in  the 
production  phase  is  to  ensure  that  the  operating  tem¬ 
peratures  of  the  thermally  sensitive  parts  in  the  deliv¬ 
ered  equipment  will  be  within  specified  tolerances 
of  the  design  values.  Production  approval  occurs  after 
the  system  and  the  principal  items  necessary  for  its 
support  have  been  designed,  fabricated,  tested,  and 
evaluated  in  the  full-scale  engineering  development 
phase.  This  approval  indicates  that  the  design  is 
basically  adequate  (although  design  defects  can  show 
up  in  the  production  phase)  and  that  the  contractor 
can  build  at  least  a  few  thermally  adequate  systems. 
Pn»duction-phase  thermal  evaluation  differs  from  that 
in  the  earlier  phases  in  its  focus  on  deviations  of 
production  systems  from  the  nominal,  rather  than  on 
the  nominal  system  itself. 

ELEMENTS  OF  PRODUCTION  PHASE 

The  elements  of  the  production-phase  thermal 
program  are  listed  in  Table  11-1.  This  program  con¬ 
sists  of  determining  the  acceptable  upper  limits  on 
the  operating  temperatures  and  ensuring  that  the 
operating  temperatures  of  the  delivered  hardware  will 
not  exceed  those  upper  limits.  Each  step  is  discussed 
below. 

Establishment  of  Production  Toiorancos 

Establishing  thermally  acceptable  production 
tolerances  is  an  iterative  process  involving  reliability 
engineering,  thermal  engineering,  and  manufacturing 
personnel.  The  reliability  engineer  establishes  the 
acceptable  failure  rate,  and  allocates  it  to  the  individ¬ 
ual  parts.  The  reliability  prediction  method  is 
employed  to  generate  curves,  such  as  the  one  shown 
in  Figure  11-1,  which  enable  the  temperature  sensi¬ 
tivity  of  the  parts  to  be  identified.  The  thermal 
engineer  generates  curves,  such  as  those  shown  in 


Figure  11-2,  which  enable  the  temperature  sensitivity 
of  the  manufacturing  processes  to  be  identified.  The 
data  are  employed  to  specify  the  allowable  tolerances 
on  the  temperature-critical  processes. 

CstabUshmmn  of  Vmrification  Procodures 

Key  items  to  watch  are  those  that  are  sensitive 
to  manufacturing  workmanship.  A  sampling  test  is 
needed  to  assure  that  the  thermal  characteristics  of 
the  equipment  are  produced  as  designed.  Some  ther¬ 
mal  elements  that  require  inspection  are  listed  in 
Table  11-2. 

The  thermal  engineer  is  involved  in  designing 
inspection  procedures  and  evaluating  the  first  few 
serial  numbers  that  are  produced.  Thereafter,  rou¬ 
tine  inspections  are  turned  over  to  quality  control 
personnel. 

ivaluation  of  Proposed  Changes 

The  thermal/reliability  impact  of  any  changes 
in  the  design,  fabrication  techniques,  or  materials 
proposed  during  the  production  phase  is  evaluated 
before  implementation.  Some  of  the  factors  involved 
in  such  an  evaluation  are  listed  in  Table  1 1-3. 

THERMAL  INSPECTION  TECHNOLOGY  ' 

Many  manufacturing  pnKcsses  are  difficult  or 
impossible  to  inspect  visually.  For  example,  it  is 
impossible  to  verify  visually  the  presence  of  adhesive 
between  two  opaque  surfaces.  At  best,  a  visual 
insptection  can  reveal  only  whether  adhesive  is  present 
around  the  edges  of  the  interface.  Modern  thermal 
inspection  techniques,  however,  can  be  valuable  aids 
in  ensuring  a  thermally  adequate  product. 

Inspection  of  the  thermal  adequacy  of  a  product 
can  be  accomplished  by  a  comparison  technique. 

•Such  a  technique  is  feasible  for  parts  or  small  assem¬ 
blies,  such  as  hybrid  microcircuits.  It  is  also  cost- 
effective  for  critical  items. 

First,  establish  a  standard  (i.e.,  a  serial  number  / 
of  the  product  that  is  known  to  be  thermally  ade¬ 
quate).  The  thermal  testing  methods  in  Chapter  9 
can  be  employed  to  verify  the  thermal  adequat7 
of  this  standard.  Second,  compare  the  appropriate 
temperatures  of  each  serial  number  that  has  just 
come  off  the  production  line  with  those  of  the 
standard.  Reject  all  items  having  temperatures  that 


Figure  1 1-2.  Typical  curves  show  the  sensitivity 
of  part  temperature  to  various  manufacturing 
processes. 


TABLE  11-2.  SOME  THERMAL  ELEMENTS  THAT 
_ REQUIRE  INSPECTION _ 

Thermal  Interfaces 

•  Contact  interfaces 

•  Adhesive  bonds 

Coolant  Flow  Systems 

•  Air  seals 

•  Airflow  metering  orifice  dimensions 

•  Heat-exchanger  pressure  drops 


TABLE  11-3.  THERMAL /RELIABILITY  FACTORS 
INVOLVED  IN  EVALUATING  PROPOSED  CHANGES 

•  Proposed  changes  in  production  tolerances 

•  Thermal  conductivity  of  materials 

•  Production  variances  in  thermal  resistance 
resulting  from  fabrication  techniques 

•  Part  dissipation  changes 

•  Mounting  changes 

•  Cooling  flow  path  changes 
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differ  by  more  than  a  specified  amount  from  those  of 
the  standard.  Such  an  inspeciion-by-comparison  tech¬ 
nique  is  well-suited  to  automation. 

The  item  should  be  inspected  in  the  earliest 
possible  stage  of  assembly.  For  example,  the  thermal- 
adhesive  bond  between  a  circuit  board  and  a  finned 
beat  exchanger  should  be  inspected  before  mounting 
parts  on  the  board.  This  procedure  saves  the  cost 
of  reworking  or  scrapping  assembled  modules  if 
the  Ixtard/heat  exchanger  bond  is  found  to  have  an 
unacceptably  high  thermal  resistance.  It  also  enables 
direct  comparison  without  the  complicating  effects 
of  variances  in  the  parts  and  in  the  part-to-board 
thermal  bonds.  As  an  example.  Figure  11-3  shows  a 
system  developed  to  inspect  the  thermal  bond  between 
the  substrate  and  package  of  a  hybrid  microcircuit 
before  the  chips  are  mounted  on  the  substrate."'*’ 

In  specifying  the  maximum  acceptable  tempera¬ 
tures.  any  thermal  differences  between  the  inspection 
conditions  and  the  actual  operating  conditions  must 
be  accounted  for.  For  example,  it  was  desired  to 
inspect  the  thermal  bond  between  integrated-circuit 


Figure  1 1-3.  Infrared  comparison  of  a  module  under  test  with  a  standard  module 
enables  rapid  thermal  evaluation. 


flaipacks  and  a  conduction-cooled  circuit  board  in 
an  avionic  unit.  For  high-altitude  operation,  the  rate 
of  heat  transfer  to  the  ambient,  is  negligible,  and  the 
dissipation  is  transferred  only  by  conduction.  In 
an  inspection  test  at  sea  level,  however,  heat  also 
can  escape  by  radiation  and  free  convection  to  the 
surroundings,  as  shown  in  Figure  1 1-4.  Tests  have 
shown  that  the  part  temperatures  were  6-16“C 
c(H)ler  in  the  inspection  conditions  than  in  the  actual 
operating  conditions.  Furthermore,  the  heat  losses 
occurring  in  the  inspection  conditions  reduced  the 
temperature  difference  between  the  well-bonded  and 
poorly  bonded  flatpacks.  Tests  showed  that  a  2°C 
difference  in  the  inspection  test  corresponded  to  an 
,8°C  difference  in  high-altitude  operation.  The  accep¬ 
tance/rejection  criterion  was  adjusted  accordingly."  ' 

Infrared  thermography  is  a  convenient  method 
for  measuring  temperatures  in  inspection  tests.  Its 
non-contact  nature  is  an  advantage  for  use  with 
deliverable  hardware,  and  its  imaging  capability 
enables  defects  to  be  detected  at  any  visible  location 
of  the  unit  under  test. 

SUMMARY 

Thermal  evaluation  during  the  hardware 
production  phase  is  designed  to  ensure  that  the 
operating  temperatures  of  the  delivered  equip* 
ment  will  be  within  specified  tolerances  of  the 
design  values.  Thermal  and  reliability  engineers 
participate  in  establishing  production  tolerances 
and  inspection  methods  and  in  evaluating  pro¬ 
posed  changes.  A  useful  thermal  inspection  tech¬ 
nique  compares  the  temperatures  of  production 
hardware  with  those  of  a  previously  measured 
and  acceptable  standard.  Infrared  thermography 
is  a  convenient  method  for  measuring  tem¬ 
peratures  in  inspection  tests  and  is  well-suited  to 
automation. 


Figure  1 1  -4.  Heat  transfer  paths  in  inspection 
conditions  might  differ  significantly  from  those 
in  operational  conditions. 


CHAPTER  12 

GUIDELINES  FOR  ACHIEVING  RELIABLE  THERMAL  DESIGNS 


TABLE  12-1.  COOLING  TECHNIQUES  FOR 
EQUIPMENT  USED  AT  SEA  LEVEL 


Dissipation  per 

Unit  Volume 

Cooling  Technique 
That  Will  Suffice  for 
Most  Applications 

W/tn 

W/ft’ 

Free  convection  to 
ambient  air 

0-11,000* 

0-300* 

Forced  air 

11,000*- 

35,000 

300* -1000 

Cmstom  design; 
thermal  considerations 
should  have  top  prior¬ 
ity  in  physical  design. 

>35,000 

>1000 

- 3 - 3 - - J - 3 - 

•  in  (|(K)W  fi  lI.(MHiVV  in  (.VK)\V  fi  )irf)ox 


is |RK»il\  itTHiliiird.ind ihriTii.ilh  snisiii\<* jjarisarrmoumcfl h<*riz<m- 

i.illv 


TABLE  12-2.  MAXIMUM  DISSIPATION  PER  UNIT 
AREA  FOR  COMMON  COOLING  TECHNIQUES 


Maximum  Dissipation 
per  Unit  Heat 

Transfer  Area 

Cooling 

Technique 

W/m* 

W/in* 

Free  convection  to  ambi¬ 
ent  air  and  radiation  to 
surroundings 

800 

0.5 

Impingment 
(forced  air) 

3,000 

2 

Air-coolec  plate 

16,000 

10 

Free  convection  to  a 
liquid 

500* 

0.3* 

Liquid-cooled 

plate 

160,000 

1000 

Evaporation 

5  X  10^ 

30000 

1  •  Per  irmperiiiurediffrrenie  lieiwcen  surr.nr  .ind  liquid 

This  chapter  presents  rules  of  thumb  and  “do’s 
and  don’ts”  for  the  reliability  engineer  as  guide* 
lines  for  evaluating  thermal  designs.  The  foUour- 
ing  aspects  of  thermal  design  are  discussed: 

*  Limitations  on  cooling  techniques 

*  Placement/layout  of  parts 

*  Mounting  parts 

*  Blower  selection/installation 

*  Coolant  (low  passage  design 
LIMITATIONS  ON  COOLING  TECHNIQUES 

The  relative  merits  of  the  various  cooling  tech¬ 
niques  are  discussed  in  Chapter  7.  This  portion  of 
the  guide  presents  limitations  on  those  techniques. 

The  cooling  techniques  are  limited  primarily  by 
the  dissipation  density  of  the  electronic  equipment 
(i.e.,  the  ratio  of  the  dissipation  to  the  volume  of  the 
box  in  which  the  equipment  is  packaged).  Table 
12-1  lists  rules  of  thumb  for  selecting  a  cooling  tech¬ 
nique  for  sea-level-based  equipment.  Another  mea¬ 
sure  of  this  quantity  is  the  ratio  of  the  dissipation  to 
the  total  heat  transfer  area,  including  the  Hn  area. 
Table  12-2  lists  maximum  dissipation  per  unit  area 
for  common  cooling  techniques.  Table  12-3  lists  limi¬ 
tations  for  forced-air-cooled  module  microelectronic 
parts.  Table  12-4  lists  limitations  for  other  cooling 
techniques. 

PLACEMENT/LAYOUT  OF  PARTS 

Operating  temperatures  are  affected  by  the  loca¬ 
tion  of  the  equipment  and  by  the  arrangement  of  the 
parts  within  the  equipment.  Thus  the  equipment’s 
reliability  depends  on  the  parts’  placement  and  lay¬ 
out.  “Do’s  and  don’ts”  of  parts  placement/layout  for 
maximum  reliability  follow. 


74 


1 .  Provide  as  much  separation  as  possible  be¬ 
tween  dissipating  parts. 

a.  Within  a  for'  cd-air-cooled  unit,  try  to 
spread  the  dissipating  parts  uniformly 
along  the  coldwall. 

b.  Do  not  place  thermally  sensitive  or  high- 
dissipation  parts  close  to  each  other. 

c.  Do  not  place  thermally  sensitive  parts  next 
to  hot  parts. 

d.  With  free-convection-cooled  equipment, 
do  not  place  parts  directly  above  high- 
dissipating  parts.  Instead  stagger  them 
horizontally,  as  shown  in  Figure  12-1. 

2.  Mount  equipment  in  the  coolest  available 
environment. 

a.  Do  not  mount  engine  accessories  contain¬ 
ing  electronic  equipment  directly  on  the 
engine.  Install  them  instead  in  a  more 
benign  thermal/vibration  environment 
(e.g.,  on  the  airframe). 

b.  Do  not  mount  an  aircraft  engine  trans¬ 
ducer  in  a  hot  region,  such  as  the  engine 
exhaust  region.  Install  it  instead  under  the 
engine  and  forward  of  the  combustion  sec¬ 
tion.  If  it  must  be  located  on  the  engine 
strut,  then  place  it  in  the  forward  section 
away  from  the  engine. 

c.  Do  not  locate  an  aircraft  fire  detection 
control  unit  in  the  wing  dry  bay.  The 
environment  there  is  severe.  It  has  extreme 
temperatures,  high  vibration,  and  excessive 
moisture. 

3.  Lay  out  parts  so  that  the  temperature-sensi¬ 
tive  parts  are  in  the  coolest  region.  (Rea¬ 
son:  to  maximize  the  reliability  of  the  assem¬ 
bly,  as  described  in  Chapter  8) 


TABLE  12-3.  LIMITATIONS  ON  FORCEO-AIR 
COOLING  TECHNIQUES  FOR  MODULE 
MICROELECTRONIC  PARTS 


Cooling 

Technique 

Maximum  Cooling 
Capacity 

W/m^ 

W/in* 

Impingement 

800 

0.5 

Coldwall 

1500 

1 

Flow-through 

3400 

2 

TABLE  12-4.  LIMITATIONS  ON  VARIOUS 
_ COOLING  TECHNIQUES _ 

Thermoelectric  Coolers 

Heat-sink  temperature  5:I00°C 
Cooling  load  <300  W 
Vapor-Cycle  Refrigeration 

Power  requirement  =  250-1000  W 
per  1000  W  of  refrigeration 

Ambient  temperature  <71  °C 
(<200°C  for  specially  designed 
vapor-cycle  equipment) 

Expendable  Evaporant  Cooling 

Heat  sink  temperature  >93°C 
Duration  of  operation  <3  hrs. 


Figure  12-1.  With  free-convection-cooled  equipment, 
do  not  place  parts  directly  above  high-dissipating 
parts. 


a.  With  forced-convection-cooled  equipment, 
plate  the  lemperaiure-sensidve  parts  near 
the  coolant  inlet  side  and  the  less-sensitive 
parts  on  the  outlet  side,  as  shown  in  Fig¬ 
ure  12-2. 

b.  With  free-convection-cooled  equipment, 
locate  temperature-sensitive  parts  at  the 
bottom  and  the  others  above  them,  as 
shown  in  Figure  12-3. 

c.  With  coldwall-cooled  circuit  cards,  place 
sensitive  parts  close  to  card  edge. 

MOUNTING  PARTS 

The  thermal  design  objective  in  mounting  parts  is 
to  minimize  the  thermal  resistance  between  the  case 
and  a  sink.  General  guidelines  for  minimizing  the 
conduction  and  contact  thermal  resistances  are  listed 
in  Ghapter  5.  Specific  guidelines  follow. 

1.  Use  short  paths.  (Reason:  to  minimize  the 
thermal  resistance  to  conduction,  as  shown  in 
Equation  5-3) 

,1.  For  cold-piate-cooled  equipment,  mount 
the  parts  directly  to  the  cold  plate  when¬ 
ever  possible. 

b.  Minimize  the  thickness  of  adhesive  bonds 
used  to  attach  parts  to  a  module  or  cold 
plate. 

2.  Use  large  areas.  (Reason;  to  minimize  the 
thermal  resistance,  as  discussed  in  Chapter  5) 

a.  Do  not  mount  parts  so  that  the  only  con¬ 
duction  path  to  the  heat  sink  is  through 
the  leads. 

b.  Mount  high-power  hybrid  microcircuit 
chips  on  molybdenum  tabs  having  a  larger 
area  than  the  chip,  as  shown  in  Figure 
12-4. 

c.  Mount  high-powei  parts  cooled  by  free 
convection  and  radiation  or  by  impingment 
cooling  on  heat  transfer  fins,  as  shown  in 
Figure  12-5. 


DISTANCE  FROM  COLO  PLATE  ENTRANCE 
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SENSITIVE  PARTS 


Figure  12-2.  With  forced-convection-cooled  equip¬ 
ment,  place  the  thermally  sensitive  parts  near  the 
coolant  inlet  side,  where  the  coolant  has  its  lowest 
temperature. 


AIR 

CURRENT 


Figure  12-3.  With  free-convection-cooled  equip¬ 
ment,  locate  thermally  sensitive  parts  e*  the 
bottom. 
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molybdenum  tab 


d.  Do  not  use  tightly  spaced  fins  for  free- 
conveetion  cooling.  Do  not  use  more  than 
four  fins  per  inch,  and  do  not  use  fins 
higher  than  1  inch. 

e.  Maximize  the  areas  of  all  conduction 
paths  and  interfaces  between  the  parts  and 
the  sink. 

3.  Use  materials  having  high  ther.nal  conduc¬ 
tivity.  (Reason:  to  minimize  the  thermal  resis¬ 
tance  to  conduction,  as  shown  in  Equation 
3-3) 

a.  Use  metals  such  as  copper  and  aluminum 
for  heat-! onduction  paths  and  mounting 
brackets. 

b.  With  spacecraft  and  high-altitude  avionic- 
equipment  where  free  convection  is  non¬ 
existent  or  very  small,  fill  all  gaps  along 
the  heat-flow  path  with  thermally  conduc¬ 
tive  compounds,  as  shown  in  Figure  12-6. 

c.  With  flow-through  modules  comprised  of 
multi-layer  printed  wiring  boards,  use 
plated-through-holes  to  reduce  the  thermal 
resistance  to  conduction  through  the  bc>ard. 
These  copper-plated  holes  are  thermal 
paths  called  thermal  vias,  as  shown  in 
Figure  12-7. 

d.  Minimize  the  use  of  interfaces  between 
contacting  surfaces  as  thermal  paths. 

4.  When  contact  interfaces  are  used,  the  follow¬ 
ing  practices  will  minimize  the  contact  ther¬ 
mal  resistance. 

a.  Use  as  much  contact  area  as  possible. 

b.  Ensure  that  the  contacting  surfaces  are  flat 
and  smooth. 

c.  Use  soft  contacting  materials. 

d.  Torque  all  bolts  to  achieve  a  high  contact 
pressure. 

e.  Use  enough  fasteners  to  assure  a  uniform 
contact  pressure. 


Figure  12-4.  Mount  high-power  hybrid  micro- 
circuit  chips  on  oversize  molybdenum  tabs  to 
increase  the  area  of  the  conduction  path. 


Figure  12-5.  Mount  high-power  parts  on  tinned  * 
heat  sinks  to  increase  the  heat  transfer  area. 


Figure  12-6.  Fill  gaps  under  parts  in  equipment 
used  at  high  altitudes  with  thermally  conductive 
compounds. 
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f.  With  coldwall-coolcd  cards,  do  not  use 
spring-loaded  card  guides  to  provide  con¬ 
tact  pressure  between  the  card  guide  and 
the  card  edge.  Instead  use  something  posi¬ 
tive  (e.g.,  wedge  clamps  or  cam-operated 
guides,  as  shown  in  Figure  12-8). 

5.  With  radiation-cooled  equipment,  the  thermal 
resistance  to  radiation  can  be  minimized  as 
follows. 

a.  Ensure  that  the  emitting  surface  has  a 
high  emissivity. 

b.  Provide  the  emitting  surface  with  an 
unobstructed  and  wide  view  of  the  heat 
sink. 

c.  Maximize  the  emitting  area,  as  shown  in 
Figure  12-5. 

6.  Circuit  cards  with  a  dissipation  greater  than 
about  2  W  need  a  copper  ground  plane. 

Those  cards  with  5-10  W  need  a  heat  sink. 

7.  Use  materials  having  similar  values  of  the 
coefficient  of  thermal  expansion.  Mismatches 
can  produce  thermal  stresses  which  cause 
failures. 

BLOWER  SELECTION/INSTALLATION 

Guidelir  es  for  selection  and  installation  of  blow¬ 
ers  with  forced-air-cooled  equipment  are  listed  below. 

1.  Use  fixed-speed  blowers  only  at  low  altitudes. 
For  altitudes  above  3048  m  (10,000  ft),  use 
variable  speed  blowers. 

2.  Do  not  use  blowers  operating  at  speeds  great¬ 
er  than  10,000  revolutions  per  minute  in  an 
aircraft  cockpit  area  or  near  a  crew  area  since 
high-speed  blowers  are  noisy. 

3.  Cooling  blower  dissipations  should  not  exceed 
10  percent  of  the  thermal  load. 

4.  Install  the  blower  so  that  it  pulls,  rather  than 
pushes,  the  air  through  the  equipment,  as 

Figure  12-8.  Use  a  positive  means  to  provide  shown  in  Figure  12-9,  Pulling  the  air  causes 

contact  pressure  between  a  card  guide  and 
the  card  edge  with  a  cofdwall-cooled  card. 


Figure  12-7.  Use  plated- through-holes  in  multi¬ 
layer  printed  wiring  boards  as  thermal  vies  to 
reduce  the  thermal  resistance  to  conduction 
through  the  board. 
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ii  naturally  to  flow  uniformly  through  the  vol¬ 
ume  to  be  cooled.  Pushing  the  air  results  in  a 
jet  downstream  of  the  blower;  it  is  difficult  to 
design  a  flow  spreader  that  produces  uniform 
flow.  Thus  pulling  the  air  provides  cooling  of 
all  the  equipment,  whereas  pushing  the  air 
results  in  stagnation  regions  in  which  parts 
can  get  excessively  hot.  Pulling  also  has  the 
advantage  that  the  dissipation  of  the  blower  is 
at  the  exhaust  of  the  equipment. 

.S.  Do  not  place  the  inlet  of  a  blower  directly 
downstream  of  the  exhaust  of  another  blower. 
Hot  air  might  be  drawn  into  the  downstream 
blower. 

6.  Leave  a  clearance  of  at  least  1  X  lO  '^m  {1/2 
inch)  downstream  of  the  exhaust  of  a  coolant 
air  blower  (to  prevent  degradation  of  the 
blower’s  cooling  effectiveness  by  blockage  of 
the  exhaust),  as  shown  in  Figure  12-10. 

7.  Do  not  put  two  different  blowers  in  series  or 
in  parallel  unless  the  flow  rates  and  head 
pressures  in  the  sy'iem  are  balanced. 

8.  Account  for  short-duration  thermal  overstress 
which  can  cause  failures  (for  example  over¬ 
stress  resulting  from  temporary  loss  of  cool¬ 
ant). 

9.  Ensure  proper  tooling  of  equipment  during 
troubleshooting  (for  example,  when  cabinet 
doors  are  open  or  circuit  cards  are  removed 
from  a  unit  during  functional  testing). 

COOLANT  FLOW  PASSAGE  DESIGN 

Guidelines  for  the  design  <if  ctxtlant  flow  passages 
in  convection-cooled  equipment  are  listed  below. 

1 .  Do  not  obstruct  coolant  flow  over  parts  (see 
Figure  12-11). 

2.  Do  not  use  solid  covers  on  cabinets  of  elec¬ 
tronic  equipment  tooled  by  the  ambient  air. 
Some  parts  might  be  located  in  stagnation 
regions  and  thus  be  “starved"  of  coolant  air. 
Instead  use  perforated  cove'-s. 


Figure  12-9.  Pull,  rather  than  push,  cooling 
air  through  equipment. 


Figure  12-10.  Do  not  block  the  exhaust  of  a 
cooling  blower. 


Figure  12-11.  Do  not  obstruct  coolant  flow 
paths  over  parts. 
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means  of  splitters  and  turning  vanes. 


ments,'  and  contractions  in  coolant  flow 
passages. 


3.  Direct  flow  to  the  parts  by  means  of  splitters 
and  turning  vanes,  as  shown  in  Figure  12-12. 

4.  Maximize  the  radii  of  turns  in  flow  passages 
(see  Figure  12-13). 

5.  Do  no)  use  sudden  enlargements  or  contrac¬ 
tions  in  flow  passages  (see  Figure  12-13). 

6.  Design  so  that  free  convection  aids  forced  con¬ 
vection,  as  shown  in  Figure  12-14. 

7.  For  free-convection-cooled  equipment,  install 
circuit  boards  and  cooling  fins  vertically, 
rather  than  horizontally. 

8.  Dust  covers  should  be  used  for  applications 
utilizing  external  air.  Pressure  drop  across  fil¬ 
ters  should  be  accounted  for  when  selecting  a 
blower. 

SUMMARY 

The  choice  of  a  cooling  technique  for  a 
specific  application  is  dictated  primarily  by  the 
dissipation  density  of  the  equipment.  Other  limit¬ 
ing  factors  include  the  total  dissipation  and  the 
sink  temperature.  The  placement  and  mounting  of 
parts  have  significant  effects  on  the  reliability  of 
the  equipment.  Blower  selection  and  installation 
and  the  design  of  coolant  flow  passages  are  key 
factors  in' achieving  reliable  convection-cooled 
equipment. 


Figure  12-14.  Desigrt  so  that  free  convection 
aids  forced  convection. 
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CHAPTER  13 

CORRECTION  OF  POOR  FKELDRELIABILny  BY  IMimOVMG  Tl«  THERMAL  DESIGN 


This  chapter  suggests  how  to  improve  relia¬ 
bility  deficiencies  by  improving  the  equipment 
thermal  design  after  the  equipment  already  has 
been  designed.  Such  deficiencies  are  necessarily 
expensive  and  time*«onsuming  to  correct.  It  is 
more  cost  effective  to  prevent  failures  by  ensuring 
that  the  original  thermal  design  is  adequate;  the 
guidelines  for  accomplishing  this  objective  are  de¬ 
scribed  in  Chapters  1-12.  lliis  chapter  discusses 
the  costs  of  failures  and  of  correctii^  them,  ways 
of  improving  existing  thermal  designs,  and  actual 
examples  of  successful  corrective  action. 

COSTS  OF  TIKRMALLY  INDUCED  FIELD 
FAILtMES 

The  Air  Force  Acquisition  Logistics  Division  has 
compiled  the  data  listed  in  Table  13-1  on  the  costs  of 
thermally  induced  failures.  These  data  were  obtained 
from  the  AFALD  Lessons  Learned  Program  in 
1980.‘^' 

COSTS  OF  THERMAL  MODIFICATIONS 

MlL-HDBK-251  quotes  the  results  of  a  1968  . 
Navy  study  on  the  cost  of  thermal  improvement  of  ' 
existing  shipboard  equipment. The  data  are  listed 
in  Table  13-2.  The  modified  and  evaluated  equip¬ 
ment  was  old  and  used,  and  the  piarts  had  a  history 
of  severe  thermal  overstress.  Because  major  modifica¬ 
tions  could  not  be  made,  the  improved  thermal  design 
was  not  optimum.  The  calculated  added  incremental 
cost  of  providing  an  adequate  thermal  design  during 
the  initial  design  and  procurement  of  the  equipment 
was  less  than  the  modification  cost. 

WAYS  TO  IMPROVE  EXISTING  THERMAL 
DESIGNS 

Improvement  of  an  existing  thermal  design  is 
acoHnplished  by  reduction  of  one  or  more  of  the  fac¬ 
tors  that  affect  the  operating  temperature;  dissipa¬ 
tions,  thermal  resistances,  and  sink  temperatures. 
These  factors  are.  affected  by  several  aspects  of  the 
system  design.  Design  improvements  that  can  reduce 
these  factors  are  listed  in  Table  13-3. 


TABLE  1 3-1 .  AIR  FORCE  DATA  ON  COSTS  OF 
THERMALLY  INDUCED  FAILURES'^  ' 


— 

Equipment 

Cause  of 
Failure 

Failure 

Kate 

Cost  per 
Failure 

Cathode  ray 
lube  for  air¬ 
craft  head-up 
display 

Heat,  external 
light,  electrical 
saturation, 
and  vibration 

200-400 
per  year 

1800-1000 

Aircraft  fire 

Extreme  tern- 

Not  listed 

6.3  mainte- 

detection  con¬ 
trol  unit 

peratures, 
high  vibration, 
and  moisture 

nance  man¬ 
hours 

TABLE  1 3-2.  NAVY  DATA  ON  COSTS 
OF  THERMAL  MODIFICATIONS 
OF  EXISTING  equipment”-* 


Equipment 

Time  to  Pay  for  Modifica¬ 
tion  Coals,  on  Basia  of 
Maintenance  Coat  Savings 
(months) 

Small  (100-500  W) 

4-6 

equipment 

Large  high-power  radar 

9 

\ 


i 
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TABLE  1 3- 

3.  WAYS  TO  IMPROVE  EXISTING  THERMAL  DESIGNS 

Factor  Affectiim 

Operating  Temperature 

Design  Improvement(s) 

Dissipations 

Reduce  parts  dissipations  (resftonsibility  of  electronic  circuit  designer). 

Thermal  resistances 

Conduction 

1 .  Replace  semiconductor  devices  with  devices  having  lower  values  of  tfjo 

2.  Remount  parts  per  guidelines  1  b,  2b,  3b,  and  4  of  Chapter  1 2  “Mounting 
Parts.” 

Convection 

1.  For  free-con vection-cooled  equipment,  install  blowers. 

2.  For  forced-conveciion-cooled  equipment,  increase  quantity  or  size  of 
blowers. 

3.  For  aircraft-ECS-cooled  equipment,  obtain  a  higher  coolant  flow  rate 
(responsibility  of  aircraft  system  thermal  designer). 

4.  Install  blower(s)  per  guidelines  4,  5,  and  6  of  Chapter  1 2  “Blower 
Selection/lnstallation.” 

5.  Reallocate  available  coolant  to  temperature-sensitive  parts  by  means  of 
flow  restri  tors,  called  orificts.  They  act  as  How  dividers  in  the  same  way 
that  resistors  act  as  current  dividers. 

6.  Modify  coolant  flow  passages  per  guidelines  of  Chapter  1 2  “Flow 

Passage  Design.” 

7.  Mount  temperature-sensitive  parts  on  heat  transfer  fins,  as  shown  in 
Figure  12-6. 

Radiation 

Follow  guidelines  5a,  5b,  and  5c  of  Chapter  1 2  “Mounting  Parts.” 

Sink  temperatures 

1 .  Follow  guidelines  2a,  2b,  and  2c  of  Chapter  12  “Placement/Layout  of 
Parts.” 

2.  Decrease  the  coolant  inlet  or  mounting-surface  temperature. 

3.  Install  a  refrigeration  system  (see  Chapter  7  “Refrigeration  Systems”). 
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EXAMPLES  OF  SUCCESS  IN  ACHIEVING 
IMPROVEMENT  BY  THESE  MEANS 


This  section  describes  case  histories  of  successful 
improvement  of  existing  thermal  designs.  The  first 
example  involves  ground-based  equipment  originally 
designed  for  free-convection  cooling,  and  the  second 
one  involves  forced-air-cooled  avionic  equipment. 

Electronic  Field  Test  Unit 

This  equipment  was  designed  for  passive  cooling, 
and  no  thermal  analysis  or  test  was  performed.  The 
acceptance  testing  consisted  only  of  electrical  func¬ 
tional  checks.  • 

Failures  occurred  in  the  production-phase  accep¬ 
tance  tests,  four  weeks  before  the  scheduled  delivery 
of  the  first  five  units.  While  undergoing  the  func¬ 
tional  check,  the  unit  shut  off  after  operating  for 
approximately  45  minutes,  which  was  considerably 
shorter  than  the  required  equipment  operating 
period. 

Thermocouples  were  installed  on  parts  deemed  to 
be  thermally  sensitive,  and  it  was  discovered  that  one 
of  these  parts  reached  the  temperature  at  which  a 
thermal  sensing  switch  would  cut  off  power. 

A  thermal  engineer  was  called  in  to  help  solve  the 
problem.  After  performing  thermal  analysis  on  the 
design,  the  thermal  engineer  recommended  that  the 
design  be  changed  by  installing  a  blower  inside  the 
unit  to  circulate  the  air,  as  shown  in  Figure  13-1. 
The  heat  was  removed  from  the  parts  by  the  internal 
air  through  forced  convection  and  then  rejected  to  the 
skin  of  the  enclosure.  It  was  ultimately  rejected  by 
free  convection  and  radiation  to  the  surroundings. 

Fighter  Aircraft  Radar  Unit 

This  equipment  utilizes  flow-through  cooling. 

The  coolant  air  enters  the  module  cold  plates  from 
a  plenum,  as  shown  in  Figure  13-2.  With  the  orginai 
coolant  airflow  passage  design,  the  airflow  separated 
immediately  downstream  of  the  90°  turn  leading  into 
the  plenum.  This  separation  produced  a  nonuniform 
plenum  pressure  distribution.  As  a  result,  the  mod¬ 
ules  immediately  downstream  of  the  turn  received 
a  lower  flow  rate  than  was  intended.  The  exhaust 
temperature  was  correspondingly  higher,  and  the 
parts  operated  excessively  hot.  At  minimum  design 
flow,  the  radar  turned  off  during  flight  and  ground- 
cart  operation. 


Figure  13-1.  The  thermal  design  of  this  electronic 
field  test  unit  was  improved  by  the  addition  of  a 
blower. 
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The  plenum  was  modified,  as  shown  in  Fig¬ 
ure  13-2,  to  avoid  flow  separation  and  improve  the 
plenum  pressure  uniformity.  This  modification 
substantially  improved  the  thermal  design  by  reduc¬ 
ing  the  exhaust  temperature.  Test  data  showing  the 
improvement  are  listed  in  Table  13-4. 

SUMMARY 

Improving  the  thermal  design  of  electronic 
equipment  can  improve  field  reliability  and 
prevent  the  high  cost  of  thermaUy  induced  field 
failures.  Promoting  adequate  thermal  design 
during  the  initial  design  stage  of  electronic  equip¬ 
ment  costs  less  than  modifying  equipment  in  the 
field.  Thermal  designs  can  be  improved  by 
reducing  one  or  more  of  the  factors  that  affect 
the  operating  temperature:  dissipations,  thermal 
resistances,  and  sink  temperatures. 


Figure  13-2.  Improvement  in  the  plenum  design 
of  this  fighter  aircraft  radar  unit  produced  a 
significant  improvement  in  the  field  reliability. 


TABLE  13-4.  EFFECT  OF  PLENUM  DEStON  ON 
EXHAUST  AM  TEMPERATURE 


Exhaust  Temperature  at  Maximum  Coolant 
Airflow 

Module* 

Before 

Modification 

After 

Modification 

Improvement 

1 

68 

53 

15 

4 

52 

41 

M 

7 

52 

52 

0 

*  See  Figure  13-2. 
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APPiNDIXA 
DEFINITIONS  OF  TERMS 


The  terms  listed  below  are  defined  according  to 
their  use  in  this  guide.  Some  of  the  definitions  were 
obtained  from  the  following  sources; 

•  “Reliability/Design,  Thermal  Applications,” 
MIL-HDBK-251,  19  January  1978. 

•  Environmental  Stress  Screening  Guidelines, 
Institute  of  Environmental  Sciences,  Mount 
Prospect,  IL,  1981. 

•  “Definitions  of  Effectiveness  Terms  for  Reli¬ 
ability,  Maintainability,  Human  Factors,  and 
Safety,”  M1L-STD-721B,  25  August  1966. 

•  “Dictionary  of  Technical  Terms  for  Aerospace 
Use,”  1st  ed.,  W.H.  Allen  (Ed.),  NASA  SP-7, 
1965. 

ABSOLUTE  TEMPERATURE — The  temperature 
measured  relative  to  absolute  zero  (see  p.  27). 

ABSORBER — The  body  gaining  photons  in  radi¬ 
ation  heat  transfer  (see  p.  26). 

ACCEPTANCE  TEST — A  test  used  to  demonstrate 
compliance  of  a  product  to  specified  criteria  as  a 
condition  of  acceptability  for  “next”  usage  (next 
assembly,  customer  acceptance,  etc.)  (see  Chapter 
2). 

AERODYNAMIC  HEATING— Heat  transfer  from 
atmospheric  air  to  a  high-speed  vehicle  by  forced 
convection  (see  p.  56). 

AIR-CYCLE  REFRIGERATION— Refrigeration 
using  air  as  the  working  fluid,  normally  used  in 
aircraft  (see  p.  48). 

ANALYTICAL  PREDICTION  METHOD— Predic¬ 
tion  of  part  operating  temperatures  by  analytical 
solution  of  the  partial  differential  equations  gov¬ 
erning  heat  transfer  (see  p.  51). 

ARRHENIUS  RELATION— The  exponential 
dependence  on  temperature  of  the  rates  of  various 
processes  (see  p.  20). 


ASSEMBLY — A  group  of  parts  which  usually  per¬ 
forms  one  or  more  detailed  electronic  functions  and 
can  be  readily  removed  without  special  tools  from 
electronic  equipment  (for  example,  a  packaged 
plug-in  audio  amplifier). 

AVAILABILITY— A  measure  of  the  degree  to  which 
an  item  is  in  the  operable  and  committable  state 
at  the  start  of  the  mission,  when  the  mission  is 
called  for  at  an  unknown  (random)  point  in  time. 

BLEED  AIR — Air  from  an  aircraft  engine  used  for 
air-cycle  reffigeration  (see  p.  48). 

BLOWER — A  machine  for  circulating  coolant  air 
(see  p.  46). 

BURN-IN — A  type  of  environmental  stress  screen¬ 
ing.  The  main  types  of  burn-in  are  powered  at 
ambient  temperature,  powered  at  high  tempera¬ 
ture,  and  powered  with  temperature  cycling  (see 
Chapter  10). 

CIRCUIT  BOARD— An  assembly  containing  a 
group  of  interconnected  parts  mounted  on  a  single 
board. 

CLOSED  FORM  SOLUTION— Same  as  analytical 
prediction  method. 

COLD  PLATE — Same  as  heat  exchanger. 

COLDWALL — A  heat  exchanger  built  into  the  walls 
of  an  electronic  unit  (see  p.  39). 

CONDUCTION — Heat  transfer  by  the  transfer  of 
kinetic  energy  between  molecules  (see  p.  22). 

CONTACT  METHOD — Temperature  measurement 
by  attaching  an  instrument  to  the  test  item  (see 
p.  63). 

CONTACT  THERMAL  RESISTANCE— The  ther¬ 
mal  resistance  of  an  interface  between  contacting 
materials  (see  p.  24). 

CONVECTION — Heat  transfer  by  fluid  motion  (see 
p.  24). 
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COOLANT — The  fluid  which  removes  the  heat  in 
forced-f  'Tnection-cooled  equipment  (see  p.  25). 

COOLINc  .  INS — Metal  surface  on  which  parts  are 
mounted  to  increase  the  heat  transfer  area  (see 
p.  .58);  also  used  in  heat  exchangers  to  reduce  the 
thermal  resistance  to  convection  (see  p.  45). 

COOLING  TECHNIQUE  — Means  for  removing 
the  dissipation  from  the  electronic  equipment  (see 
Chapter  7). 

CRYOGENIC  TEMPERATURE—In  general,  a 
temperature  range  below  the  boiling  point  of  nitro¬ 
gen  (— 195''C);  more  particularly,  tempe'^atures 
within  a  few  degrees  of  absolute  zero. 

DERATING — Using  an  item  in  such  a  way  that 
applied  stresses  are  below  rated  values;  or  the  low¬ 
ering  of  the  rating  of  an  item  in  one  stress  field  to 
allow  an  increase  in  rating  in  another  stress  field. 

DETAILED  ANALYSIS— The  most  detailed  level  of 
thermal  analysis  (see  p.  54). 

DIELECTRIC — A  substance  that  contains  few  or  no 
free  charges  and  can  support  electrostatic  stresses. 
Dielectric  liquids  are  used  as  ctnilants  for  elec¬ 
tronic  equipment. 

DISSIPATION— The  difference  between  the  electri¬ 
cal  input  and  output  powers  of  an  electronic 
device,  manifested  as  heat  (see  p.  21). 

DISSIPATION  DENSITY — Dissipation  per  unit 
volume  of  equipment  or  per  unit  heat  transfer 
area. 

EMISSIVITY— A  measure  of  the  radiation  charac¬ 
teristics  of  a  surface  (see  p.  26). 

EMITTER — The  body  losing  photons  in  radiation 
heat  transfer  (see  p.  26). 

ENVIRONMENTAL  CHAMBER— An  enclosure 
for  simulating  environmental  conditions  (see 
p.  60). 

ENVIRONMENTAL  CONTROL  SYSTEM— A 

system  for  controlling  the  temperature  in  a  com¬ 
partment. 


ENVIRONMENTAL  STRESS  SCREENING— The 

process  or  method  whereby  a  group  of  like  items 
are  subjected  to  the  application  of  physical  climatic 
stresses  or  forces  (or  combinations  thereof)  to  iden¬ 
tify  and  eliminate  defective,  abnormal  or  marginal 
parts  and  manufacturing  defects  (see  Chapter  10). 

ENVIRONMENTAL  TEST— A  test  where  one  or 
more  of  the  environmental  conditions  is  applied 
and  controlled. 

EVAPORATION  COOUNG— Cooling  by  storing 
heat  in  a  liquid’s  heat  of  vaporization  (see  p.  45). 

EXACT  SOLUTION — Same  as  analytical  prediction 
method. 

EXHAUST  TEMPERATURE— Same  as  outlet 
temperature. 

EXTERNAL  RESISTANCE— The  thermal  resis¬ 
tance  between  a  reference  location  on  a  pan  and 
the  interface  with  the  ewdant  or  surroundings  (see 
p.  37). 

FAILURE — The  inability  of  an  item  to  perform 
within  previously  specified  limits. 

FAILURE  RATE — The  number  of  failures  of  an 
item  per  unit  measure  of  life  (cycles,  time,  miles, 
events,  etc.,  as  applicable  for  the  item). 

FINITE-DIFFERENCE  SOLUTION— A  numerical 
method  for  the  solution  of  partial  differential 
equations  (see  p.  51). 

FINITE-ELEMENT  SOLUTION— A  numerical 
method  for  the  solution  of  partial  differential 
equations  (see  p.  51). 

FLAW-A  latent  defect  in  the  design,  workmanship, 
or  material  of  an  item  which  eventually  will  result 
in  the  failure  of  the  item  (see  Chapter  10). 

FLOW-THROUGH  MODULE— Two  circuit 
boards  sandwiched  around  a  heat  exchanger  (see 
p.  40). 

FLUSH  COOLING — Ctmling  by  direct  impingement 
of  a  liquid  on  the  pan  or  ctxtling  fin  (see  p.  38). 

FORCED  AIR — Forced-convection  ctxtiing  using  air 
as  the  coolant  (see  p.  43). 
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FORCED  CONVECTION— Heal  transfer  by  Huid 
motion  induced  by  an  external  source  (see  p.  25). 

FORCED  UQUID  — Forced-convection  cooling 
using  a  liquid  as  the  coolant  (see  p.  43). 

FREE  CONVECTION — Heat  transfer  by  naturally 
occurring  fluid  motion  (see  p.  25). 

FUNCTIONAL  TEST  — A  lest  which  measures  a 
limited  number  of  critical  parameters  to  assure 
that  the  test  article  is  operating  properly. 

HEAD  PRESSURE — The  pressure  rise  produced  by 
a  blower  or  pump  (see  p.  46). 

HEAT  EXCHANGER — A  finned  duct  through 
which  coolant  flows  and  receives  or  gives  up  heat 
(see  p.  38). 

HEAT-FLOW  RATE — The  energy,  in  the  form  of 
heal,  transferred  per  unit  lime  (see  p.  21). 

HEAT  LOAD — Heat  transferred  to  equipment 
from  adjacent  equipment  or  from  external  sources 
(for  example,  solar  radiation). 

HEAT  OF  FUSION — The  quantity  of  heat 

required  to  melt  a  unit  mass  of  a  solid  (see  p.  45). 

HEAT  OF  VAPORIZATION— The  quantity  of 
heat  required  to  vaporize  a  unit  mass  of  a  liquid 
(see  p.  45). 

HEAT  PIPE — A  self-contained  evaporation/conden- 
saiion  device  for  transferring  heat  with  a  very 
small  temperature  drop  (see  p.  41). 

HEAT  SINK — A  metal  mount!'  g  surface  for 
enhancing  heal  transfer  (see  p.  22). 

HEAT  TRANSFER  COEFFICIENT— The  heat- 
flow  rale  per  unit  heat  transfer  area  per  unit 
temperature  difference,  used  as  a  measure  of  the 
rate  of  convective  heat  transfer  between  a  surface 
and  a  fluid  (see  p.  24). 

HEAT  TRANSFER  FIN— Same  as  ctwling  fin. 

HEAT  TRANSFER  PATH — A  physical  path  along 
which  heat  flows. 

HOT  SPOT— A  pan  or  other  area  or  region  that  is 
abnormally  or  unacceptably  hot.  The  temperature 
depends  on  the  item  and  the  application. 


IMPINGEMENT  COOLING— Cooling  by  direct 
impingement  of  a  gas  on  the  part  or  cooling  Tin 
(see  p.  38). 

INCLINED  WATER  MANOMETER— A  water 
manometer  whose  column  is  inclined  relative  to  the 
vertical  axis  to  increase  its  sensitivity.  Pressures 
can  be  measured  to  within  2.5  pascals  (0.01  inch 
of  water)  (see  p.  63). 

INFRARED  THERMOGRAPHY— A  temperature- 
measurement  method  employing  the  temperature 
dependence  of  the  radiation  emitted  from  a  surface 
(see  p.  64). 

INLET  TEMPERATURE— The  temperature  of  a 
coolant  entering  a  piece  of  equipment. 

INTERNAL  RESISTANCE— The  thermal  resistance 
between  the  heat-generation  location  of  a  part  and 
some  location  on  the  surface  of  the  pan  (see 
p.  37). 

INTERRUPTED  FINS— Fins  used  in  a  heal 
exchanger  consisting  of  periodically  interrupted 
flow  passages  (see  p.  46). 

JUNCTION-TO-CASE  THERMAL  RESIS¬ 
TANCE — The  (hermal  resistance  between  the 
junction  and  case  of  a  semiconductor  device  (see 
p.  24). 

LATENT  HEAT — The  quantity  of  heat  required  to 
change  the  phase  of  a  unit  mass  of  matter  (see 
Appendix  C). 

LEVEL  OF  THERMAL  ANALYSIS— The  degree 
of  detail  of  a  thermal  analysis  (preliminary,  inter¬ 
mediate,  or  detailed)  (see  p.  52). 

LEVELS  OF  THERMAL  RESISTANCE— The 

three  types  of  thermal  resistance  encountered  with 
electronic  equipment  (internal,  external,  and  sys¬ 
tem)  (see  p.  37). 

LIFE-CYCLE  COST — The  sum  of  all  costs  contrib¬ 
uting  to  the  development,  production,  operation, 
support,  and  phase-out  of  an  equipment  or  system. 

LOCAL  SINK — An  intermediate  destination  of  heat 
(see  p.  22). 
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MAINTAINABILITY — A  fharacierisiic  of  design 
and  installation  which  is  expressed  as  the  prob¬ 
ability  that  an  item  will  be  retained  in  or  restored 
to  a  specified  condition  within  a  given  period  of 
time,  when  the  maintenance  is  performed  in  accor¬ 
dance  with  prescribed  procedures  and  resources. 

MANOMETER — A  pressure-measurement  instru¬ 
ment  employing  the  pressure  sensitivity  of  the 
length  of  a  liquid  column  (see  p.  63). 

MANUFACTURING  DEFECT— A  flaw  caused  by 
in-process  errors  or  uncontrolled  conditions  during 
assembly,  test,  inspection,  or  handling. 

MEAN-TIME-BETWEEN-FAILURES  (MTBF)— 

For  a  particular  interval,  the  total  functioning  life 
of  a  population  of  an  item  divided  by  the  total 
number  of  failures  within  the  population  during 
the  measurement  interval.  The  definition  holds  for 
lime,  cycles,  miles,  events,  or  other  measure  of  life 
units. 

METERING  ORIFICE— Same  as  orifice. 

MISSION — The  objective  or  task,  together  with  the 
purptise,  which  clearly  indicates  the  action  to  be 
taken. 

MODES  OF  HEAT  TRANSFER— The  phv-ical 
mechanisms  by  which  heat  is  transferrr  ’  nduc- 
lion,  convection,  and  radiation)  (see  p. 

MODULE — The  lowest  level  of  an  electronic 

assembly  which  usually  performs  one  or  more  elec¬ 
tronic  functions  and  is  removable  as  an  entity  (for 
example,  hybrid  micrwircuit  or  a  flow-through 
module). 

MOUNTING  THERMAL  RESISTANCE— The 

thermal  resistance  between  a  part  and  its  mount¬ 
ing  surface  (see  p.  38). 

NATURAL  CONVECTION — Same  as  free  convec¬ 
tion. 

NON-CONTACT  METHOD — Remote  temperature 
measurement  (for  example,  infrared)  (see  p,  63). 

NUMERICAL  PREDICTION  METHOD— Predic¬ 
tion  of  (Mtrt  operating  temperatures  by  numerical 
solution  of  the  partial  differential  equations  gov¬ 
erning  heat  transfer  ^sec  p.  51). 


OPERATIONAL — Of,  or  pertaining  to,  the  state  of 
actual  usage. 

OPTIMIZATION  COMPUTER  PROGRAM— A 

computer  program  for  optimizing  a  thermal  design 
to  maximize  reliability  (see  p.  56). 

ORIFICE — Flow  restrictor  used  for  controlling  cool¬ 
ant  flow  rates  to  modules  (see  p.  41). 

OUTLET  TEMPERATURE — The  temperature  of  a 
coolant  exiting  a  piece  of  equipment. 

PART — A  small  element  of  electronic  equipment, 
normally  not  further  disassembled  into  its  constitu¬ 
ents  (for  example,  a  resistor,  a  transformer,  a 
screw,  a  capacitor,  an  integrated  circuit  or  a 
transistor). 

PELTIER  EFFECT — The  production  or  absorption 
of  heat  at  the  Junction  of  two  unlike  materials  on 
the  passage  of  an  electrical  current  (see  p.  48). 

PHASE  CHANGE — Ctxiling  by  liquid  evaporation 
or  solid  melting  (see  p.  45). 

PLAIN  FINS — Fins  used  in  a  heat  exchanger  con¬ 
sisting  of  uninterrupted,  straight  flow  passages  (see 
p.  46). 

PLATED-THROUGH-HOLE-Copper-plaied 
hole  connecting  the  layers  in  a  multi-layer  printed 
wiring  board  (see  p.  77). 

PLENUM — Compartment  used  for  distributing  ctKtl- 
ani  to  forced-convection-c(X)led  equipment  (see 
p.  41). 

POWER  DENSITY — Same  as  dissipation  density. 

PRECIPITATION  OF  FLAWS— The  process  of 
deliberately  causing  a  flawed  item  to  fail  earlier 
than  it  would  in  normal  usage,  so  that  the  flaw 
can  be  removed  before  the  item  is  put  into  the  field 
(see  Chapter  10). 

PREDICTED — That  which  is  expected  at  some 
future  date,  postulated  on  analysis  of  past 
experience. 

PRELIMINARY  ANALYSIS— The  least  detailed 
level  of  thermal  analysis  (see  p.  53). 
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PRESSURE  DROP — The  de<Tease  in  pressure  due 
lo  flow  resistance  which  must  be  overcome  by  a 
blower  (see  p.  25). 

RADIATION — Heat  transfer  by  the  flow  of  photons 
(see  p.  26). 

RADIATION  AND  FREE  CONVECTION— Cool¬ 
ing  by  free  convection  to  the  ambient  air  and  radi¬ 
ation  to  the  surroundings  (see  p.  42). 

RAM  AIR  COOLING — CtKtIing  using  ambient  air 
forced  into  an  aircraft  by  the  aircraft’s  motion. 

RELIABILITY — The  probability  that  an  item  will 
perform  its  intended  function  for  a  specified  inter¬ 
val  under  stated  conditions. 

SCREENING — A  prcK-ess  or  combination  of  pro¬ 
cesses  (for  example,  visual  inspection,  temperature 
and  vibration)  for  the  purpose  of  identifying  and 
eliminating  defective,  abnormal,  or  marginal  parts 
and  manufacturing  defects  (see  Chapter  10). 

SET — A  group  of  assemblies  or  units  which  performs 
an  overall  series  of  complete  electronic  functions 
(for  example,  a  radar  set). 

SINK— A  destination  of  heat  (see  p.  21). 

SOLID  MELTING — Citxtling  by  storing  heat  in  a 
solid’s  heat  of  fusion  (see  p.  45). 

SPECIALIZED  THERMAL  COMPUTER  PRO¬ 
GRAM — A  computer  program  for  providing  a 
specialized  thermal  analysis  (see  p.  55). 

SUPPLY  TEMPERATURE— .Same  as  inlet 
temperature. 

SYSTEM — A  group  of  sets,  specially  integrated,  but 
which  may  be  in  different  locations  (for  example,  a 
guidance  system). 

SYSTEM  RESISTANCE — The  thermal  resistance 
between  the  equipment’s  external  surface  (or  heat 
exchanger)  and  '.he  ambient  air  (or  txxdant)  (see 
p.  .57). 

TEMPERATURE  CYCLING— The  subjection  of 
equipment  to  pericxlic  increases  and  decreases  in 
temperature  (see  Chapter  10). 


TEMPERATURE  TEST — The  experimental  evalua¬ 
tion  of  the  ability  of  equipment  to  withstand  a 
variety  of  thermal  environments  (see  p.  59). 

THERMAL  ANALYSIS — The  analytical  evaluation 
of  a  thermal  design  (see  Chapter  8). 

THERMAL  ANALYZER — A  computer  program  for 
solving  a  thermal  model  (see  p.  55). 

THERMAL  CONDUCTIVITY— An  intrinsic  phys¬ 
ical  property  of  a  substance,  describing  its  ability 
to  conduct  heat  as  a  consequence  of  molecular 
motion  (see  p.  23). 

THERMAL  CYCLING—  Siimc  as  temperature 
cycling. 

THERMAL  DESIGN — .All  the  asptects  of  the  system 
design  which  affect  the  equipment  temperatures. 

THERMAL  ENVIRONMENT— The  environmental 
factors  which  affect  the  equipment  tempteratures 
(see  C'hapier  6). 

THERMAL  EVALUATION— Evaluation  of  the 
adequacy,  from  a  thermal  standpoint,  of  a  design 
or  hardware. 

THERMAL  IMAGING-lmaging  with  the  infrared 
radiation  emitted  by  a  surface  (see  p.  72). 

THERMAL  MANAGEMENT— The  process  during 
a  military  electronic  equipment  prttgram  for  ensur¬ 
ing  that  the  equipment  will  be  adequate  from  a 
thermal  standpoint. 

THERMAL  MOCKUP — .Simulated  equipment  used 
in  thermal  tests  (see  p.  59). 

THERMAL  MODEL — An  analytical  tool  used  for 
predicting  part  operating  temperatures  (see  p.  51). 

THERMAL  NETWORK— A  combination  of  ther¬ 
mal  resistances,  series,  parallel,  or  both  (see 
p.  27). 

THERMAL  PATH— .Same  as  heat  transfer  path. 

THERMAL  PROFILE— The  temporal  behavior  of 
the  environmental  chamber  temperature  during 
temperature  cycling  (see  Chapter  10). 
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THERMAL  PROGRAM— The  program  for 

implementing  thermal  management  during  all  the 
phases  of  a  military  electronic  program. 

THERMAL  RESISTANCE— A  measure  of  the  resis¬ 
tance  to  the  flow  of  heat  (see  p.  21). 

THERMAL  SCREENING — Screening  with  high 
temperatures  and/or  high  rates  of  change  of  tem¬ 
perature  (see  Chapter  10). 

THERMAL  SHOCK — The  subjection  of  equipment 
to  changes  in  temperature  at  a  more  rapid  rate 
than  during  thermal  cycling. 

THERMAL  STRESS — Part  operating  temperature; 
also  structural  stress  induced  by  differential  ther¬ 
mal  expansion  or  contraction  of  dissimilar 
materials. 

THERMAL  SURVEY — Experimental  location  of  hot 
spots  and  measurement  of  the  thermal  stabilization 
lime  of  selected  parts  (see  p.  59). 

THERMAL  TEST — Measurement  of  pan  tempera¬ 
tures  in  a  laboratory  simulating  operating  condi¬ 
tions  (see  Chapter  9). 

THERMAL  VIA — A  plated-through-hole  used  as  a 
conduction  heal  transfer  path  through  a  printed 
wiring  board  (see  p.  77). 


THERMALLY  SENSITIVE  PART— One  whose 
failure  rate  is  sensitive  to  temperature  and  whose 
failure  would  have  a  significant  impact  on  the 
mission. 

THERMOCOUPLE — A  temperature-measurement 
instrument  employing  the  voltage  difference  pro¬ 
duced  between  the  Junctions  of  unlike  conductors 
(see  p.  63). 

THERMOELECTRIC  REFRIGERATION— 

Refrigeration  using  the  Peltier  effect  (see  p.  48). 

THERMOMETER — A  tempierature-measuremeni 
instrument  employing  the  temperature  sensitivity 
of  the  length  of  a  liquid  column  (see  p.  63). 

TURBULENCE — The  irregular  motion  of  a  fluid. 

ULTIMATE  SINK — The  final  destination  of  heat 
(see  p.  21). 

UNIT — A  mechanical  group  of  parts  or  assemblies 
provided  within  a  single  enclosure. 

VAPOR-CYCLE  REFRIGERATION— Refrigera¬ 
tion  employing  evaporation  and  condensation  of  a 
working  fluid  (see  p.  48). 

VIEW  FACTOR— A  measure  of  the  view  of  the 
absorber  by  the  emitter  in  radiation  heal  transfer 
(see  p.  26). 
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APPENDIX  B 

UNIT  CONVERSION  FACTORS 


The  following  tables  express  the  definitions  of 
miscellaneous  units  of  measure  as  exact  numerical 
multiples  of  coherent  International  System  (SI) 
Units,  and  provide  multiplying  factors  for  converting 
numbers  and  miscellaneous  units  to  corresponding 
new  numbers  and  SI  Units. 

The  first  two  digits  of  each  numerical  entry 
represent  a  power  of  10.  An  asterisk  follows  each 
number  which  expresses  an  exact  definition.  For 
example,  the  entry  “—02  2.54*"  expresses  the  fact 


that  1  inch  •»  2.54  X  10  'miter,  exactly,  by  defini¬ 
tion.  Most  of  the  deHnitions  are  extracted  from 
National  Bureau  of  Standards  dwomenis.  Numbers 
not  followed  by  an  asterisk  are  bnly  approximate 
representations  of  definitions,  c>r  ;are  the  results  of 
physical  measurements. 

Most  of  the  entries  were  obtained  from  E.  A. 
Mechily,  “The  International  Systemiof  Units — 
Physical  Constants  and  Conversion  mctors — 
Revised”,  NASA  SP-7012,  1969.  \ 


To  Convert  From 

fool*  . 

To 

AREA 

2 

.  meter  . 

Multiply  By 

-02  9.290  304* 

2 

.  meter  . 

-04  6.4516* 

DENSITY 

gram/centimeter*  . 

.  kilogram/meter’ . 

+03  1.00* 

Ibm/inch’  . 

.  kilogram/meter*  . .  . '. . 

+04  2.767  990 

Ibm/foot*  . 

.  kilogram/meter’ . 

+01  1.601  846  : 

ENERGY  (HEAT) 

British  thermal  unit  (Btu)  (thermochemical)  .  . 

.  joule  . 

+03  1.054  350 

calorie  (thermochemical)  . 

.  joule  . 

+00  4.184* 

foot  Ibf  . 

.  joule  . 

+00  1.355  817  ' 

watt  hour  . 

.  joule  . 

+03  3.60* 

ENERGY/AREA  TIME  (POWER/AREA) 

Btu  (thermochemical)/foot*  second  . 

.  watt/meter*  . 

+04  1.134  893 

Btu  (thennochemical)/foot*  minute  . 

.  watt/meter*  . 

+02  1.891  488 

Btu  (thermochemicaO/foot’  hour . 

.  watt/meter*  . 

+00  3.152  480 

Btu  (therTnochemical)/inch*  second  . 

.  watt/meter*  . 

+06  1.634  246 

calorie  (thermochemial)/cm*  minute  . 

watt/meter*  . 

+02  6.973  333 

erg/centimeter*  second  . 

.  watt/meter*  . 

-03  1.00* 

watt/centimeter* . 

.  watt/meter*  . 

+04  1.00* 

FORCE 

.  newton  . 

-01  2.780  138 

pound  force,  Ibf  (avoirdupois)  . 

.  newton  . 

+00  4.448  221 
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C  ■MIX- 


To  Convert  From 


To 


Multiply  By 


HEAT  TRANSFER  COEFFICIENT 


Btu  (thermochemical)/hour  foot*  Fahrenheit .  watt/meter*  Celsius 

LENGTH 

foot  .  meter . 

inch .  meter . 

mil  .  meter . 


pound  mass,  Ibm  (avoirdupois) 


Btu  (thermochemical)/second  . . 
Btu  (thermochemical)/minute  . . 
calorie  (thermochemical)/second 
calorie  (thermochemical)/minute 

foot  Ibf/hour . 

foot  Ibf/minute . 

foot  Ibf/second  . 

horsepower  (550  foot  Ibf/second) 


atmosphere . 

inch  of  mercury  (60®  F) 
inch  of  water  (60°  F)  . . 

Ibf/foot*  (psO  . 

Ibf/inch*  (psi) . 


MASS 

.  kilogram  . 

POWER  (HEAT-FLOW  RATE) 

.  watt . 

.  watt . 

.  watt . 

.  watt . 

.  watt . 

.  watt . 

.  watt . 

.  watt . 

PRESSURE 

.  newton/meter*  (pascal)  . 

.  newton/meter*  (pascal)  . 

.  newton/meter*  (pascal)  . 

.  newton/meter*  (pascal)  , 

.  newton/meter*  (pascal)  . 


SPECIFIC  HEAT 

Btu  (thermochemical)/pound  Fahrenheit  .  joule/ldlogram  Celsius  .... 

Calorie/gram  Celsius .  joule/kilogram  Celsius  .... 


foot/hour  . . . . 
foot/minute  . . 
foot/seoond  . . . 
inch/second  . . 
kilometer/hour 


SPEED 

meter/second 

meter/second 

meter/second 

meter/seoond 

meter/seoond 


+00  5.677 


-01  3.04«* 
-02  2.54* 
-05  2.54* 


-01  4.535  923  7* 


+03  1.054  350  264  488 
+01  1.757  250  4 
+00  4.184* 

-02  6.973  333  3 
-04  3.766  161  0 
-02  2.259  696  6 
+00  1.355  817  9 
+02  7.456  998  7 


+05  1.013  25* 
+03  3.376  85 
+02  2.488  4 
+01  4.788  025  8 
+03  6.894  757  2 


+03  4.1867 
+03  4.1867 


-05  8.466  666  6 
-03  5.08* 

-01  3.048* 

-02  2.54* 

-01  2.777  777  8 
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To  Convert  From  To 

TEMPERATURE 

.  kelvin  . 

.  kelvin  . 

.  Celsius  . 

.  kelvin  . 

THERMAL  CONDUCTIVITY 

Btu  (thermochenucal)/hour  foot  Fahrenheit  .  watt/meter  Celsius 

THERMAL  RESISTANCE 

hour  Fahrenheit/Btu  (thermochemical) .  Celsius/watt . 

Ibm/foot  second 
Ibf  second/foot* 

VOLUME 


foot*  .  meter* 

gallon  (U.S.  liquid) .  meter* 

inch*  meter* 

liter .  meter* 


VKCosrry 

newton  second/meter* 
newton  second/meter* 


Celsius  . . 
Fahrenheit 
Fahrenheit 
Rankine  . 


Multiply  By 


tK-tc+  273.15 
tn-(5/9)(tF+  459.67) 
tc“(5/9)(tF-32) 
t*  “  (5/9)t. 


+00  1.7303 


+00  1.896 


+00  1.488  163  9 
+01  4.788  025  8 


-02  2.831  684  659  2* 
-03  3.785  411  784* 
-05  1.638  706  4* 

-03  1.00* 
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APpewtxc 

USEFUL  FORMULAS  AM)  DATA 


Formulas  and  data  which  are  commonly  used  in 
heat  transfer  analysis  are  presented  in  this  appendix. 
Included  are  formulas  and  data  used  to  calculate 
fluid  exit  temperatures;  heat  transfer  by  conduction, 
convection  and  radiation;  heat  absorbed  or  removed 
during  a  phase  change  process;  and  fluid  pressure 
drop.  Miscellaneous  formulas  include  those  used  to 
calculate  fluid  density,  fluid  velocity  and  hydraulic 
diameter  of  a  fluid  passage.  Thermal  properties 
commonly  used  fluids  and  materials  are  also 
inc'uded.  The  units  of  the  parameters  used  herein  are 
listed  in  Table  C-8  for  the  International  and  English 
systems. 

Some  of  the  data  were  obtained  from  the  follow¬ 
ing  sources; 

•  Handbook  of  Heat  Transfer,  W.M.  Rohsenow 
and  J.P.  Hartnett  (Eds.),  McGraw-Hill  Book 
Co.,  New  York,  1973. 

•  W.H.  McAdams,  Heat  Transmission,  3rd  ed.. 
Appendix,  McGraw-Hill  Book  Co,  New  York, 
1954. 

•  M.  Jakob  and  G.A.  Hawkins,  Elements  of 
Heat  Transfer,  3rd  ed.,  John  Wiley  and  Sons, 
New  York,  1957. 

•  E.R.G.  Eckert  and  R.M.  Drake,  Jr.,  Heat  and 
Mass  Transfer,  2nd  ed.,  pp.  493-522, 
McGraw-Hill  Book  Co.,  New  York,  1959. 

•  B.H.  Jennings  and  S.R.  Lewis,  Air  Condition¬ 
ing  and  Refrigeration,  p.  33,  International 
Textbook  Company,  1965. 

•  Handbook  of  Fundamentals,  pp.  289  and  324, 
American  Society  of  Heating,  Refrigeration, 
Air-Conditioning  Engineers,  Inc.  (ASHRAE), 
1967. 

•  “1981  Materials  Selector,”  Materials  Engineer¬ 
ing,  December  1980. 


FLIMD  EXIT  TERUVRATURE 


where 

To  “  Fluid  exit  temperature 
T|  “  Fluid  inlet  or  supply  temperature 
Q  =  Power  dissipation  or  heat  load 

(Note;  Q  is  positive  if  heat  absorbed  by 
the  fluid  and  negative  if  heat  is  given  up 
by  the  fluid) 

m  =*  Fluid  mass  (low  rate 
Cp  =  Fluid  specific  heat. 

Specific  heat  varies  with  temperature.  However, 
the  variation  over  the  temperature  range  typical  for 
electronic  cooling  applications  is  small,  particularly 
for  gases.  Using  Cp  values  at  27®C  (80°F)  should  give 
a  reasonable  estimate.  Specific  heat  of  typical  fluids 
used  in  electronic  cooling  at  27®C  (80°  F)  arc  given 
in  Table  C-1. 


TABLE  C-1 .  SPECIFIC  HEAT  OF 
TYPICAL  FLUIDS 


Specific  Halt  (Cp)  | 

Fluid 

JAv-c 

Btu/lbm-’F 

Gases 

Air 

1,005 

0.240 

Niiroi^ 

1,042 

0.249 

Helium 

5,200 

1.242 

Hydrogen 

14,335 

3.419 

Liquids 

FC-75 

1,047 

0.25 

Coolanol-25 

1,884 

0.45 

EihylcM  glycol'waier 

mixture  (60%  glycol) 

3,098 

0.74 

Water 

4,187 

1.0 
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HEAT  TRANSFERRED  BY  CONDUCTION 

Ok  -  AT/flk  (C-2) 


where  TABLE  C-2.  THERMAL  CONDUCTIVITY 

OF  TYPICAL  MATERIALS  AT  27°C 

Qk  =  Heat-flow  rate 

=  L/(kA)  =  Conductive  thermal  resistance 
(see  p.  23) 

AT  =  Temperature  difference. 

Values  of  thermal  conductivity  (k)  at  27‘’C  (81  °F) 
for  typical  materials  used  in  electronic  cooling  are  given 
in  Table  C-2.  Thermal  conductivity  varies  with  tem¬ 
perature.  Use  of  these  values  for  temperatures  below 
17‘'C  (63°F)  or  above  37°C  (99°^  should  be  restricted 
to  approximate  calculations. 

HEAT  TRANSFERRED  BY  CONVECTION 

Qk  =  (Ts  -  Tr)/flk  (C-3) 

where 

Qk  —  Heat-flow  rate 

tfk  =  l/{hA)  =  convective  thermal  resistance 
h  =  Heat  transfer  coefficient 
Ts  =  Surface  temperature 
Tj-  =  Temperature  of  surrounding  fluid  (such  as 
ambient  air). 

The  heat  transfer  coefficients  for  different  cooling 
techniques  are  given  in  Table  C-3. 

TABLE  C-3.  CONVECTION  HEAT  TRANSFER  COEFFICIENT 


Hcnl  Ttannicr  Coefiicient  h  | 

Cooling  Technique 

B»u/hr-ft*-*F 

Free  Convection 

High  Altitudes  (21,336  m  <70  kft)| 

Sea  Level 

2.8  to  5.7 

Closer  to  2.8 

Closer  to  5.7 

0.5  to  1 

Closer  to  0.5 

Closer  to  < 

Air  Impingement 

17  to  28 

3  'o  5 

Forced  Conveaion 

Air  over  plain  lint 

Air  over  inlemipied  tins 

34  to  170 

3  to  5  limes  higher  than 
plain  fins 

6  to  30 

3  to  5  times  higher 
than  plain  Tins 

Liquid  Cooling 

Dielectric  liquid 

Water 

570  to  2.270 

2,800  to  57,000 

100  to  400 

500  to  10,000 

Theminl  Conductivity 

Materinl 

W/m-^C 

Btu/ 

hr-ft.‘>F 

Non-Metals 

Plastic  Foam 

0.017-0.14 

0.01-0.08 

Air 

0.0261 

0.0151 

Fiberglass 

0.048 

0.028 

Plastic  (Polystyrene) 

0.15 

0.09 

Epoxy 

0.17-1.5 

0.1-0.87 

Water 

0.604 

0.349 

Glass 

1. 7-3.4 

1. 0-2.0 

Metals 

Kovar 

17 

10 

Stainless  Steel 

17 

10 

Steel 

48 

28 

Nickel 

61 

35 

Tin 

66 

38 

Molybdenum 

146 

85 

Aluminum 

211 

122 

Gold 

294 

170 

Copper 

381 

220 

Silver 

415 

240 
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HEAT  THANSFEK  BY  RADIATION 

Q,  -  ff*,F„A(T,‘-T,«)  (C-4) 

where 

Qpi  “  Heat-flowrate 

o  ■■  Stefan-Boltzmann  constant  (see  Table 
C-8) 

<■  ^  Relative  emissivity  between  the  surface  and 
the  surroundings  (approximately  equal  to 
the  produa  of  both  emissivities) 

Fis  ~  View  factor  between  the  part  and  the 
surroundings 

A  ■■  Radiating  area 

Tt  ~  Absolute  temperature  of  the  radiating 
surface 

Ts  ~  Absolute  temperature  of  the  surroundings. 

Note:  On  can  also  be  expressed  in  terms  of  the 
radiation  thermal  resistance  as 

0.  -  (T,  -  T,)/d,  (C-5) 

where 

da  ■■  Radiation  thermal  resistance 

-  l/(»€aF„A(Ta*  +  T,‘)(T  +  T,)).  (C-6) 

The  view  faaor,  whose  value  is  between  0  and 
1 ,  is  a  measure  of  how  well  the  emitter  sees  the 
absorber.  Typical  values  are  given  in  Table  C-4. 


TABU  C-4.  VKW  FACTORS  FOR  VARIOUS 
CONFIGURATIONS 


CoafinirWiNM 

View  Factor 

Infinite  pmllcf  pianos 

10 

Btirf)’  rnmplncly  enclosed  by  antHber  iMidy;  interniil  Uidt 
ranmit  sec  any  pan  of  itself 

1.0 

'rwo  M|(Mres  in  perpendicular  idanes  with  a  nimmoo  nidr 

(1.20 

Twti  equal,  parallel  squares  separated  In*  distance  equal 
to  side 

0.19 

Twfi  equal,  parallel  circular  disks  se|Ktrated  li>-  distamr 
equal  to  diameter 

O.ifl 

The  emissivity  also  varies  between  0  and  1 .  A  pet' 
fcrtly  black  body  has  an  emissivity  of  1 ,  while  a  per¬ 
fectly  shiny  body  has  an  emissivity  of  0.  Real  bodies 
have  emissivities  between  0  and  I .  Emissivities  of 
typical  metals  and  non-metallic  materials  are  given  in 
Table  C-5. 


TABLE  C-5.  EMISSIVITY  OF  TYPICAL 
SURFACES  AT  4*0  (40*F) 


Surface 

Emusivity 

(0 

Silver 

0.02 

Aluminum  (buffed) 

0.03 

Aluminum  foil  (dull) 

0.03 

Gold  (plated) 

0.03 

Gold  (vacuum  deposited) 

0.03 

Aluminum  foil  (shiny) 

0.04 

Aluminum  (polished) 

0.05 

Stainless  steel  (polished) 

0.05 

Chrome 

0.08 

Tantalum 

0.08 

Beryllium  (polished) 

0.09 

Beryllium  (milled) 

0.11 

Rene  41 

0.11 

Nickel 

0.18 

Titanium 

0.20 

Aluminum  (sandblasted) 

0.40 

White  silicone  paint  (gloss) 

0.75 

Black  silicone  paint  (flat) 

0.81 

Black  vinyl  phenolic  (dull) 

0.84 

Lamp  black 

0.95 

Magnesia 

0.95 

Grey  silicone  paint 

0.96 
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HEAT  GIVEN  UP  OR  ABSORBED  DURING  A 
PHASE  CHANGE  OF  A  SUBSTANCE 

H  =  M£  (C-7) 


where 

H  =  Heat  given  up  or  absorbed  (a  positive  Q 
indicates  absorption  while  a  negative  val¬ 
ue  indicates  heat  is  given  up) 

M  =  Mass  of  the  substance 
£  =  Latent  heat  or  heat  of  transformation. 

Typical  values  for  the  latent  heat  (£)  are  given  in 
Table  C-6. 

TABLE  C-6.  TYPICAL  VALUES  FOR 
LATENT  HEAT  AT  SEA  LEVEL 


Process 

Latent  Heat 

Cal/g 

Btu/lbm 

Boil  Freon-12 

32 

58 

Boil  Nitrogen 

44 

80 

Melt  Ice 

80 

144 

Boil  Ammonia 

327 

589 

Boil  Water 

539 
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PRESSURE  DROP  OF  A  FLUID 

•  Friction  loss,  such  as  flow  through  a  pipe: 


AP  =  f 


L  pV’ 


(C-8) 


D„  2 

I  Shock  or  momentum  loss,  such  as  sudden  turn  or 
sudden  expansion  to  an  infinitely  large  area: 

pV^ 

2 


AP  =  K- 


(C-9) 


where 

AP  =  Pressure  drop 
f  =  Friction  factor 
L  =  Length  of  flow  section 

Dh  =  Hydraulic  diameter  of  flow  section  (equal  to 
the  tube  diameter  in  a  round  section;  see 
Equation  C-12) 

p  =  Density  of  the  fluid 
V  =  Velocity  of  fluid 
K  =  Loss  coefficient. 

The  friction  factor  (f)  depends  on  many  factors, 
such  as  the  flow  regime  and  the  shape  and  surface 
roughness  of  the  flow  section.  For  flows  within  elec¬ 
tronic  equipment,  f  varies  between  10”’  and  1. 

The  loss  coefficients  (K)  for  sudden  expansion  or 
contraction  to  a  relatively  large  area  are  1  and  0.5, 
respectively.  Values  of  k  for  sudden  turns  are  given 
in  Figure  C-1. 


Figure  C- 1 .  Turning  loss  coefficients  for  fluids. 
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MISCELLANEOUS  FORMULAS 


•  Density  of  a  gas 


P 


P 

RT 


(C-10) 


•  Velocity  of  a  fluid 

V  =  —  (C-ll) 

A 

•  Hydraulic  diameter  of  fluid  passage 

4A 

D„  -  —  (C-12) 

*  w 

where 

p  =  Density 
R  =  Gas  constant 
P  =  Pressure 
T  =  Absolute  temperature 
V  =  Velocity 
F  =  Volumetric  flow  rate 
A  =  Cross*sectional  or  flow  area 
Dh  =  Hydraulic  diameter 

P,,  =  Wetted  perimeter  (or  inner  circumference  of 
the  passage). 

Typical  values  for  the  gas  constant  (R)  are  given  in 
Table  C-7. 


TABLE  C-7.  GAS  CONSTANT  OF 


TYPICAL  GASES 


Gas  Constant  (R) 

Gas 

N-m/ 

kg-»K 

ibf-ftV 

lbm-in*-®R 

Carbon  Dioxide 

189 

0.24 

Oxygen 

260 

0.34 

Air 

287 

0.37 

Nitrogen 

297 

0.38 

Water  Vapor 

458 

0.59 

Helium 

2.08  X  10^ 

2.68 

Hydrogen 

2.23  X  )0’ 

2.9 

I 
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TABLE  C-8.  UNITS  USED  IN  APPENDIX  C 


Parameter 

Symbol 

International 

System 

English 

System 

Temperature 

T 

°C,  “K 

"F,  °R 

Heat-Flow  Rate 

Q 

W 

Btu/scc 

Mass-Flow  Rate 

m 

kg/sec 

Ibm/sec 

Specific  Heat 

s 

J/kg-“C 

Btu/lbm-“F 

Thermal  Resistance 

d 

°c/w 

“F-hr/Btu 

Thermal  Conductivity 

k 

W/m-^C 

Btu/hr-ft-°F 

Area 

A 

m 

ft’ 

Lerigih 

L 

m 

ft 

Heat  Transfer  Coefficient 

h 

W/m*-°C 

Btu/hr-ft’-°F 

Stefan-Boltzmann  Constant 

a 

0.516  X 

0.174  X  10  * 
Btu/hr-ft’.°R* 

Emissiviiy 

( 

Dimensionless 

Dimensionless 

View  Factor 

Fts 

Dimensionless 

Dimensionless 

Pressure  Drop 

AP 

N/m*  (pascals) 

Inches  of  Water 

Friction  Factor 

f 

Dimensionless 

Dimensionless 

Hydraulic  Diameter 

Du 

m 

ft 

Density 

P 

kg/m’ 

Ibm/ft’ 

Velocity 

V 

m/sec 

ft /sec 

Loss  Coefficient 

K 

Dimensionless 

Dimensionless 

Heat 

H 

Cal  or  J 

Btu 

Mass 

M 

<‘8 

Ibm 

Latent  Heat  or  Heat 
of  Transformation 

£ 

Cal/gor  J/kg 

Btu/lbm 

Gas  Constant 

R 

N-m/kg-'K 

Ibf-fiV 

lbm-in’-”R 

Wetted  Perimeter 

Pw 

m 

ft 

Volumetric  Flow  Rate 

F 

m’/scc 

ft ’/sec 

APPCNDIXD 

ADJUSTMENT  FACTORS  FOR  MIL-HDBK-217C  FAILURE  RA  TES 


NEED  FOR  ADJUSTMENT  FACTORS 

Many  of  the  fai'.ure  rates  included  in  MIL- 
HDBK-217  for  parts  such  as  transistors  and  diodes 
are  based  on  ambient  temperatures,  regardless  of  the 
cooling  technique  used.*  This  basis  is  reasonable  if ' 
the  cooling  method  is  free  conveaion  to  ambient  air 
and  radiation  to  the  surroundings.  The  temperature 
differences  between  the  case  (or  surface)  and  the 
ambient  air  for  different  dissipation  densities  for  free 
convection  and  radiation  are  given  in  Table  D-1.  An 
average  of  the  thermal  resistances  to  free  conveaion 
for  horizontally  and  veaically  oriented  parts  was 
used  in  calculating  these  temperature  differences.  The 
heat  transfer  cocffiaent  is  5.7  W/(m*-°C)  (1  Btu/ 
(hr-ft’-^F)].  The  emissivities  and  the  view  factor 


were  taken  to  be  unity.  The  dissipation  density  is 
obtained  by  dividing  the  dissipation  by  the  total  sur> 
face  area  of  the  parts  and  cooling  fins  exposed  to  the 
ambient  air.  Note  that  the  maximum  density  given  in 
the  table  is  1549  W/m*  (1  W/in*),  which  is  the 
maximum  praaical  dissipation  density  for  this  type 
of  cooling. 

Cooling  by  free  convection  and  radiation  gives  the 
highest  case  temperature,  hence  the  highest  junaion 
temperature.  The  case  and  junction  temperatures  are 
lower  for  other  types  of  cooling,  which  are  more  effi¬ 
cient.  Generalized  methods  of  estimating  case  tem¬ 
perature  and  thereby  obtaining  adjustment  faaors  to 
the  temperatures  in  MIL~HDBK-217  are  given 
below  for  the  following  types  of  cooling; 


TABLE  0-1.  CASE  TEMPERATURE 
CHARACTERISTICS  OF  PARTS  COOLEO  BY 
FREE  CONVECTION  TO  AMBIENT  AIR  ANO 
RAOIATION  TO  THE  SURROUNOINGS 


1 

Cuc-to-Ambient 
Temperature 
Difference,  *C 

W/m* 

W/in* 

15.5 

0.01 

1.4 

77.5 

0.05 

6.8 

155 

0.10 

12 

232 

0.15 

18 

310 

0.20 

24 

387 

0.25 

30 

465 

0.30 

36 

542 

0.35 

41 

620 

0.40 

46 

775 

0.50 

56 

930 

0.60 

66 

1084 

0.70 

74 

1239 

0.80 

82 

1394 

0.90 

89 

1549 

1.00 
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•  Free  convection  to  a  liquid 

•  Impingement  cooling  with  air 

•  Flush  cooling 

•  Coid-plate-mounted  parts  using  forced-air/ 
liquid  cooling 

DEFINITION  AND  USE  OF  ADJUSTMENT 
FACTORS 

The  adjustment  faaor  (AT*)  is  the  decrease  in 
the  junaion  temperature  resulting  from  the  use  of  a 
cooling  technique  which  is  more  efficient  than  radi¬ 
ation  and  free  conveaion  to  ambient  air  (see  Figure 
D-1).  Consider  the  example  on  page  2.2.12-5  of 
M1L-HDBK-217C,  Notice  I;  a  silicon  NPN  gen¬ 
eral-purpose  JAN-grade  transistor  operating  at  a 
stress  ratio  (S)  of  0.4  and  an  ambient  temperature 
(T)  of  WC.  From  Table  2.2.1-7  of  the  handbook, 
the  base  failure  rate  for  T  *  30*0  and  S  “  0.4  is 
0.0079  failure/ 10‘  hours.  This  failure  rate  is  based 
on  the  temperature  that  the  transistor  junaion  would 
have  if  the  transistor  were  operating  in  a  30“C  air 
environment.  Now  assume  instead  that  the  transistor 
is  immersed  in  a  30°C  liquid  bath  and  that  the 
adjustment  faaor  is  20'’C.  Then  the  appropriate  tem¬ 
perature  to  use  in  the  taWe  is  30“C  —  20®C  * 
lO'C.  This  means  that  the  case  temperature  is  the 


‘Reliability  Prediction  of  Electntnir  Equipment,*  MlL-HDBK-2f7C. 
Notuv  I.  1  May  1980. 


Figure  0-1.  Using  a  more  efficient  coaling  tech¬ 
nique  results  in  a  reduced  junction  temperature 
because  the  case-to-sink  thermal  resistance  is 
smaller. 

same  in  a  30°C  liquid  bath  as  in  a  IO°C  air  environ¬ 
ment.  From  Table  2.2. 1 -7  of  the  handbook,  the  base 
failure  rate  for  T  =  lO'^C  and  .S  =  0.4  is  0.0064 
failures/ 10*  hours. 

This  last  step  implies  that:  (1)  ihe  failure  rate 
depends  only  on  the  junction  temperature  and  (2)  the 
junction-to-case  thermal  resistance  (Ofi )  is  indepen¬ 
dent  of  the  type  of  cttoling  (see  Figure  D-1).  Both  of 
these  assumptions  are  over-simplifications.  Neverthe¬ 
less.  these  adjustment  factors  produce  more  realistic 
reliabiliiy  predictions  for  discrete  semiconductors  than 
can  be  obtained  using  the  present  version  of  the 
handb<K)k. 

ADJUSTMENT  FACTORS  FOR  OTHER  COOLING 
METHODS 

Free  Convection  To  Liquid 

(l(K)ling  by  free  convection  to  a  liquid  takes  place 
when  the  part  is  immersed  in  a  stagnant  body  of  liq¬ 
uid,  usually  a  dieleciric  liquid  such  as  C(K)lanol-25. 
This  type  of  cooling  is  approximately  20  limes  as 
efficient  as  ctxtiing  by  free  convection  to  ambient  air 
and  radiation  to  the  surroundings.  The  case-io-liquid 
temperature  difference  can  be  obtained  by  the  follow¬ 
ing  equation: 


AT,  ,=  0.004.32  q.  (D-1) 

where  AT, ,  is  the  case-io-liquid  temperature  differ¬ 
ence  in  °C  and  q  is  the  dissipation  density  in  VV/m*. 

The  adjustment  factor  (AT*)  is  obtained  by  sub¬ 
tracting  AT,  I  from  the  corresponding  case-to-ambient 
temperature  difference  for  free  convection  and  radi¬ 
ation  to  the  surroundings  (given  in  Table  D-1).  For 
example,  it  a  given  part  has  a  dissipation  density  of 
1349  W/m-  (1  W/in'^),  AT,,  is  6.7°C.  The  corre¬ 
sponding  case-io-ambieni  temperature  difference  from 
Tabic  D-1  is  95°C.  Therefore,  the  adjustment  factor 
is  AT*  =  9.S“C  -  6.7'’C:  88°C:  (i.e.,  the  case  will 

be  88°()  c(H)ler  in  a  liquid  bath  than  in  an  air 
environment). 

Impingement  Cooling 

Impingement  cooling  may  use  either  ambient  air 
(usually  circulated  or  forced  over  the  pans  by  a 
blower)  or  temperature-regulated  air,  as  supplied  by 
an  aircraft  environmental  control  system  (EC'S).  Fig¬ 
ure  D-2  shows  the  reduction  in  case  temperature  as 


Figure  D-2.  Case  temperature  reduction  for 
air  impingement  cooling. 


101 


a  Tunction  of  cooling  air  velocity  for  the  range  of  dis¬ 
sipation  densities  given  in  Table  D-1.  If  ambient  air 
is  used  for  cooling,  AT*  equals  the  surface  (or  case) 
temperature  reduction  in  Figure  D-2.  For  example, 
for  a  part  having  a  dissipation  density  of  1549  W/m* 
(1  W/in*)  and  cooled  by  impingement  with  ambi¬ 
ent  air  at  a  velocity  of  5  m/s,  AT^  =  (see 
Figure  D-2). 

If  temperature-regulated  air  is  used  for  cooling, 
the  temperature  difference  between  ambient  air  and 
the  cooling  air  supply  is  added  to  the  surface  tem¬ 
perature  reduction  to  obtain  the  adjustment  factor.  If, 
in  the  above  example,  the  ambient  air  temperature  is 
30°C  and  the  cooling  air  supply  temperature  is 
20°C,  the  temperature  difference  between  the  ambi¬ 
ent  and  the  cooling  air  supply  is  10°C.  Adding  this 
to  63°  C  (obtained  from  Figure  D-2)  gives  AT*  = 
'73°C.  In  other  words,  the  case  will  be  73°C  cooler 
when  impingement-cooled  by  20°  C  air  than  when 
Iree-convection-and-radiation-cooled  in  30°  C  air. 

Flush  Cooling 

Flush  cooling  is  approximately  20  times  more 
efficient  than  impingement  cooling.  The  case-to- 
liquid  temperature  difference  is  obtained  by  the 
following  equations: 

0.00432  q,  V  :<  0.27, 

^Tcl  =  (D-2) 

0.0009  q  O.OS/V)®”,  V  >  0.27, 

where  ATci.  is  the  case-to-liquid  temperature  differ¬ 
ence  in  °C,  q  is  the  dissipation  density  in  W/m’,  and 
V  is  the  liquid  velocity  in  m/s. 

The  adjustment  factor  (AT^)  is  obtained  by  sub¬ 
tracting  ATci;  from  the  corresponding  case-to-ambient 
temperature  difference  given  in  Table  D-1  and  add¬ 
ing  the  difference  between  the  ambient  and  the  liquid 
supply  temperatures.  For  example,  a  part  having  a 
dissipation  density  of  1549  W/m*  (1  W/in*)  is 
impingement-cooled  with  a  liquid  at  a  velocity  of 
5  m/s  and  a  supply  temperature  of  20°C.  The  ambi¬ 
ent  air  temperature  is  30°C.  The  case-to-liquid  tem¬ 
perature  difference,  using  Equation  D-2,  is  TC. 

The  difference  between  the  ambient  air  and  liquid 
supply  temperatures  is  10°C.  Using  Table  D-I,  one 
obtains  AT*  -  95°C  -  1°C  +  (30°C  -  20°C)  = 
104°C. 


Cold-Plato-Mounttd  Parts 

Parts  mounted  on  cold  plates  are  either  air-cooled 
or  liquid-cooled.  The  difference  between  the  case  and 
fluid  supply  temperatures  is  obtained  by  the  follow¬ 
ing  equation; 

ATcu  =  K,  +  Kj  q  (4.6/V)®  “  +  Q«cb  (D-3) 

where  ATcl  is  the  case-to-liquid  temperature  differ¬ 
ence  in  °C;  Ki  is  the  mean  fluid  temperature  increase 
as  heat  is  absorbed  (for  air,  K|  =  27°C;  for  liquid, 

Ki  =  6.5°  C);  Kj  is  a  proportionality  constant  which 
depends  on  the  type  of  fluid  and  the  type  of  cooling 
fins  (see  Table  D-2);  q  is  the  dissipation  per  unit 
area  of  the  cold  plate  mounting  surface  (equal  to  the 
total  dissipation  on  the  coldplate  divided  by  the  cold- 
plate  mounting  surface  area);  V  is  the  fluid  velocity 
in  m/s;  Q  is  the  power  dissipated  by  the  part  in 
watts;  and  Ocb  is  the  case-to-mounting  surface  ther¬ 
mal  resistance  in  °C/W. 

The  adjustment  factor  (AT*)  can  be  obtained  by 
subtracting  ATcl  from  the  case-to-ambient  tem¬ 
perature  difference  given  in  Table  D-1  and  adding 
the  difference  between  the  ambient  air  and  fluid  sup¬ 
ply  temperatures.  For  example,  a  part  is  mounted  on 
an  air-cooled  cold  plate;  the  dissipation  density  is 
1549  W/m*  (1  W/in’);  the  air  supply  temperature  is 
20°C,  and  the  ambient  temperature  is  30°C.  The 
fluid  velocity  is  3.05  m/s.  An  intermediate  range  fin 
for  which  Kj  =  1.5  X  10"’  is  used.  The  part  dissi¬ 
pates  0.25  watt,  and  the  case-to-mounting-surface 
thermal  resistance  is  15°C/W. 

The  difference  between  the  case  and  air  supply 
temperatures,  as  obtained  by  Table  D-2  and  Equa¬ 
tion  D-3,  is  34°C.  Using  Table  D-1,  one  obtains 
AT*  =  95°C  -  34°C  +  (30°C  -  20°C)  =  7rC. 


TABLE  D-2.  VALUES  FOR  CONSTANT. 
K,* 


Air 

Liquid 

7.1  X  10"*  -  J.6  X  lO"’ 

3.9  X  10"’  -  1.8  X  lO"’ 

*Lnw  end  of  ran^  of  values  of  K)  is  ff>r  fins  having  low  thermal 
resisuDce  and  high  pressure  drt>p  (for  example.  20  fins/tmh 
inierrupied  every  1/8  invh).  High  end  is  for  fins  having  high 
thermal  rrsisiamr  and  low  pressure  dn>p  (for  example,  plain 

Tins  with  5  fins/inch). 
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APPCNDIXE 

APPROXIMA  TE  PART  TEMPERA  TURES  FOR  COMMONL  Y  ENCOUNTERED  THERMAL  DESH3NS 


A  simple  first-step  analysis  is  to  consider  the  bulk 
effects  of  the  environmental  and/or  coolant  upon  the 
design.  From  this,  overall  temperature  levels  can  be 
established.  For  example,  the  coolant  exhaust  tem¬ 
perature  can  be  simply  determined  by  knowing  the 
flow  rate  and  equipment  dissipation  (see  Appendix 
C).  This  simple  calculation  gives  a  very  important 
basis  for  estimating  part  temperatures,  and  sizing 
cooling  systems. 

A  level  above  this  analysis  is  an  approximate 
temperature  estimate.  Approximate  temperature  esti¬ 
mates  can  serve  as  a  basis  for  making  reliability  esti¬ 
mations.  Such  temperature  estimates  can  be  made  by 
using  Figures  E-1  through  E-12,  which  are  com¬ 
prised  of  curves  and  simple  calculation  procedures  for 
commonly  used  cooling  techniques,  as  shown  in 
Table  E-1.  The  data  given  in  these  figures  provide 
means  for  estimating  the  temperature  of  the  case 
(outer  surface  of  the  parts)  or  the  temperature  of  the 


mounting  surface.  When  it  is  necessary  to  estimate 
the  junction  temperature,  as  in  the  case  of  microelec¬ 
tronic  circuits,  Bje  and  the  case-to-mounting-surface 
thermal  resistance,  9cb>  niust  be  known.  Examples  of 
Bje  data  are  shown  in  Table  E-2  to  illustrate  the 
order  of  magnitude  of  their  values.  Such  data  are 
usually  obtained  from  manufacturer  publications. 

The  value  of  0cb>  which  depends  on  the  mounting 
technique,  can  be  calculated  or  measured. 

These  data  are  based  on  experience  accumulated 
by  Hughes  thermal  engineers.  The  results  of  many 
past  thermal  analysis  tasks,  which  involved  these 
twelve  cooling  tnethods,  were  surveyed.  The  data  pre¬ 
sented  represent  the  most  typical  results. 

It  should  be  emphasixed  that  these  tempera¬ 
ture  estimates  are  cmly  approximate  values.  They 
should  be  used  only  for  preliminary  evaluation 
purposes  and  not  to  design  the  equipment. 


TABLE  E-1 .  COOLING  METHODS  FOB  VARIOUS  TYPES  OF  PARTS 


Typeof  Parts  | 

Applicaciofi 

Micro* 

electronics 

Power 

Transistors 

Capacitors 

Xetisiors 

Tranaforasers 

Oacillalors 

Gyros 

Tnvrlia( 

Wave  Tuan 
(THT) 

Airlxirne- 

fighier 

B.C.  D.F. 

K.  F.Ci.H 

A.  B.  C.  D.  E.F.t; 

A.  B.C,  D.  E.  F.C. 

H 

B.C.  I).  E.H 

A 

A.B 

0.1 

.Mrlxirne-targo 

B.C.  [).  K 

(..K.ti.H 

A.B.C:.  D.  E.F.(i 

A.  B.C.  D.  E.  F.C. 

H 

B.C.U.E.H 

A 

A.B 

ti.I.J 

Missile 

A.(i 

\.c;.  M 

\.ii 

A.(;.H 

A.C.  H 

A.c; 

A.(i 

(i.  1 

Spate 

CI.L 

(t,  1. 

ii  K.  L 

C.  K.  L 

0.  K.  L 

K 

(i.K.L 

(i.K.L 

(iniunti 

XB.  D,  E.  F.(i 

A.  B,  D.  E.  y. 
Ci.H 

A.  B.  D.  E,  F,  (; 

A.  fl.  D.  E.  F.  (;.  H 

A.t:.J,H 

A.B 

0.1.  J 

,Shipl>f»ard 

A.B.  P.  E.E.f; 

A.  B.  1).  E.  F, 
(i.H 

A.  B.  D.  E.  F.  (. 

A.  8.  D.  E.  F.  C;.  H 

A.  B.  D.  E.  F. 
OH 

A 

A.  B 

O.  I.J 

Type  of  cooling 

Krrr  tonvciiion  to  ambirni  air  and  radiaiion 
K  .Mr  im))ini^rtncnt.  rHin'card-mtiunied 
('  .\ir  impingement,  rard-miiunird 
P  C.ird-mnunied,  air*i'n(ded  iuld  wallv 
h  ( ^ird-mounted.  flnw-ihrtiugh  m«>duln 
I'  ( •<ild-plaie-mounied.  air-tixiled 


(i;  (aild-fHair-rntninird.  liquidMixtlfd 

H:  Frer  moveciiiin.  liquid  hrai  sink 

1:  Fiush-ttMdfd 

J  laquki  rvapi»raik>n 

K  Radiation  u>  spiitr 

1..  .Spate  i.tdiaior  with  liquid  iranspon  liNip 


TABLE  E-2.  THERMAL  CHARACTERI8TIC8  OF  TYPICAL  MICROCmCUITS 
AND  DISCRETE  BBMCONDUCTORS 


Pmrt  Tjrpe 

Commercial 
Part  Number 

bfilitary 

Part  Nua^er 

Bated  Pttwcr 
(Watts) 

Digital  IC 

54LS00 

MlL-M-38510/30001 

0.0143 

Digital  IC 

54LS139 

MIL-M-38510/30702 

0.0600 

Digital  IC 

54LS163 

MlL-M-38510/30902 

0.1800 

Digital  IC 

5440 

MIL-M-38510/00301A 

Digital  IC 

5440 

MIL-M-38S10/00301C 

0.400 

Digital  IC 

5402 

MIL-M-38510/00401A 

0.120 

Digital  IC 

5402 

M1L-M-38510/00401C 

0.120 

Digital  IC 

54I8I 

MIL-M-38510/01101E 

0.795 

Digital  IC 

54181 

MIL-M-38S10/01101J 

0.795 

Digital  IC 

— 

MIL-M-3851O/0S201E 

0.605 

Digital  IC  (CMOS) 

4000A 

MIUM-38510/5201A 

0.200 

Digital  IC  (CMOS) 

4001A 

MIL-M-38510/5202C 

0.200 

Tranaittor 

2N342 

MIL-S-19500/16 

1.0 

Transistor 

2N539 

MIL-S-19500/38 

11.0 

Transistor 

2N326 

MIL-S-19500/40 

7.0 

Transistor 

2N6«5 

MIL-S-19500/58 

35.0 

Transistor 

2N1011 

MIL-S-19500/67 

50.0 

Transistor 

2N1120 

MIL-S-19500/68 

90.0 

Transistor 

2N1890 

MIL-S-19500/225 

3.0 

Transistor 

2N2222 

MIL-S-19500/255 

1.80 

Transistor 

2N962 

MIL-S-19500/258 

0.300 

Transistor 

2N2481 

MIL-S-19500/268 

1.20 

Transistor 

2N1131 

MIL-S-19500/177 

2.0 

Diode 

1N5546 

MIL-S-19500/437 

0.400 

Transistor 

2N2857 

MIL-S-19S00/343 

0.200 

Diode 

1N3305 

MIL-S-19500/3M 

50.0 

Diode 

1N5148 

— 

2.0 

Diode 

1N5281 

— 

0.500 

Diode 

1N5314 

— 

0.600 

Diode 

1N6073 

— 

11.5 

*Vaiior-^iiote<  vaKn  of  f|c  twnUy  it  ■Mdi  ( 


I  Mtual  TihMi  «f  dw  Mhicral  pM. 


FREE  CONVECTION  TO  AMBIENT  AIR  AND  RADIATION 


0  400  800  1200  1600 


0  0.2  0.4  0.6  0.8  1.0 

HEAT  FLUX  DENSITY.  W/ln^ 


KADIATION 
TO  SUHflOUNOINQS 


COOUINO  FINS 


FNEC 

CONVECTION 

AIA 

CUNfllNTS 


1.  VIEW  FACrOA  «  1.0  AND  EMtSEIVITV  *  1.0 

2.  MOUNTING  THERMAL  RESISTANCE  «  0 

3.  THE  FART  JUNCTION  TEMFERATURE 
IS  OSTAINEO  AS  FOLLOWS: 

Tj.Ta+ Atca  +  ^jcQ 

WHERE 

Tj  IS  THE  JUNCTION  TEMPERATURE 
T^  IS  THE  AMBIENT  TEMPERATURE 

^CA  IS  'CHE  CASE-TO-AMBIENT  TEMPERATURE 
OIPFERENCE 

Bjc  IS  THE  JUNCTION-TO-CASE  THERMAL 
RESISTANCE  IN  PC/W 

a  IS  THE  POWER  OISSIPATION  IN  WATTS 

4.  ALL  TEMPERATURES  ARE  IN  ‘C 


Figura  E- 1 .  EstimaMd  part  tamparaturas  tar  fraa  corivactior>-stHFfSdl»tlen-«>c<sd  aquipmant,  uaing  saS'laaal 

ambiant  air  as  hast  sink  (CooNtig  Typa  A), 

Exampta 

Estimate  the  junction  temperature  of  a  micro*  . . - ..i,. ,  .  .  . . — 

circuit  (54LS00)  with  a  power  dissipation  of 

0.0120  W  and  having  an  external  area  (including 

fins)  of  5  X  10”*  m  ,  cooled  by  free  convection  and  ^ 

radiation  in  60' C  air.  *  *  ^  ^  . 

1.  Compute  heat  (lux  density:  so  - 


0.0120  W 
5  X  10”’  m* 


240  W/m’ 


2.  From  Table  E-2,  »  51'C/W  for 

54LS00. 

3.  From  Figure  E~l,  ATca  ”  20'C. 

4.  From  Note  3  in  Figure  E- 1 , 

Tj-Ta  + ATcA  +  fljtQ 

-  60'C  +  20'C  +  (51'C/W)  (0.0120  W) 

-  80'C  +  0.612'C 


AM  NMPmaCMCNT.  MOM-CAAD-MOUNTED 


[  ! 

i 

! 

r 

! 

I 


cooling  fins 


A 

^  \  ^  PART 

'  FORCED 
AIR  FLOW 


NOTES: 
1 


AIR  VELOCITY,  m/t 


,  2324  W/in3  (1.6  W/in2) 

,  1646  W/in3  (1.0  W/ln^) 

,  TT6  W/m*  (0.6  W/ln2) 
►466  W/m*  (0.3  W/ln*> 

'  166  W/m3  (0.1  W/ln*) 
77.6  (*/i>|2  (0.06  W/ln*> 


.  THE  FART  JUNCTION  TEMPERATURE 
IS  06TAINED  AS  FOLLOWS: 

Tj  ■  Ta  +  ATca  ►  ®jcQ 
WHERE 

Tj  IS  THE  JUNCTION  TEMPERATURE 

Ta  is  the  ambient  temperature 
ATca  *S  the  case-to>ambient 

TEMPERATURE  DIFFERENCE 

Ojc  I*  the  junction-to>case  thermal 

RESISTANCE  IN  "CAV 
Q  IS  THE  POWER  DISSIPATION  IN  WATTS 
2.  ALL  TEMPERATURES  ARE  IN  <>0 


Figure  E-2.  Estimated  temperatures  of  non-card-mounted  parts  using  for(»d-air  impingement  cooling  at  sea  level 

(Cooling  Typo  B). 

Example 

Estimate  the  junction  temperature  of  a  transistor 
with  a  power  dissipation  of  10  W,  cooled  by 
impingement  of  bO’C  air  at  15  m/s,  if  ^j(  = 

0.2°C/W  and  the  total  area  exposed  to  the  air 
(including  cooling  fins)  is  0.00625  m^ 

1.  Compute  heat  flux  density: 

in  W 

— - -  =  1600  W/m’ 

0.00625  m^ 

2.  From  Figure  E-2,  AT(a  =  31  ”0. 

3.  From  Note  1  in  Figure  E-2, 

Tj  =  T*  +  ATcx  +  6lj<  Q 

=  60”C  +  3rc  +  (0.2'’C/W)  (10  W) 

=  9!'’C  +  2‘’C 
T,  =  93'’C. 


HEAT  FLUX  DENSITY 


2324  W/m*  (1.6  W/ln*) 

1649  W/m*  (1.0  W/in*) 
776  W/m*  (0.6  W/in^) 
466  W/m*  (0.3  W/in*) 
166  W/m*  (0.1  W/ln*) 


77.6  W/m* 
(0.06  W/ln2) 


6  10  15  20  26  30 

AIR  velocity,  rti/» 
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CARD-MOUNTED,  AIR-COOLED  COLDWALLS 


1.27  X  10~*m  (0.006  In) 

\  2.64  X  10'^m  (04110  In) 

\  V  6.06  X  10~*m  (a020  In) 

\  \\\62  X  lO'^m  (0.0M  m) 

\  \\ VA*  »  10"*m  (0.040  In) 

O \\ Y\i2.7  X  10"*ni  (0.060  In) 

*•  \\Vv\ ’O"*"  <0-®^ 

Z  "5  \\\  VV\\  X  10"^m  (ftl  I") 


2  8  y 

.0 

hi  ~ 

"Ss 


NOTES; 

1.  ATce  FHOM  curve  IO  for  UW-  2; 

FOR  OTHER  L/W  RATIOS,  MULTIFLV 

Atce  from  curve  by  0.6  U/W 

2.  THE  JUNCTION  TEMFERATURE  IS  OBTAINED 
AS  FOLLOWS: 

TJ.TA+  + 

WALL 

(FACE  ♦  Qt  (0.0761/W  0.2S)  •f  Of  (9jC 


COLD  WALL 
INTERFACE 


TOTAL  CARO  FOWER  DISSIPATION 
(OfV  WATTS 


j COLDWALL  ^ 


CIRCUIT 

BOARD 


COLD  Tj  IS  THE  JUNCTION  TEMPERATURE 
WALL  Ta  is  the  AIR  INLET  TEMPERATURE 

JQt  IS  the  total  CARO  POWER  DISSIPATION 
•  IN  WATTS 

^  Of  IS  the  PART  DISSIPATION  IN  WATTS 
^  IS  THE  AIRFLOW  RATE  IN  KQ/MIN 

TL  ATce  is  THE  TEMPERATURE  DIFFERENCE 
COOLING  BETWEEN  CENTER  OF  CARD  AND  CARO 

AIRFLOW  EOOE 

W  IS  THE  CARD  WIDTH  IN  METERS 
OjC  >6  THE  JUN(rT)ON-TO-CASE  THERMAL 
RESISTANCE  IN  ^C/W 
ScB  16  THE  CASE-TO-MOUNTINQ  SURFACE 
THERMAL  RESISTANCE  IN  "C/W 
3.  ALLTEMFERATURES  ARE  IN  "C 
T  4.  THE  CARD  EIXIE  TO  CARD  OUIDE  INTERFACE 
1  THERMAL  RESISTANCE  IS  04)761  ‘C/W  FER 
¥  METER  OF  CARO  WIDTH 
J-  6.  THE  COLDWALL  CONVECTTIVE  THERMAL 
RESISTANCE  IS  0.26"  C/W 


Figure  E-4.  Estimatad  temperatures  of  card-mounted  parts  using  forced-air  cooiad  coldwalls  (Cooling  Type  D). 


Cxmmph 

Estimate  the  junction  temperature  of  a  0.25-W 
microcircuit  mounted  at  the  center  of  a  coldwall- 
cooled  circuit  board,  0.152  X  0.102  m,  with  a  total 
power  dissipation  of  20  W.  The  part,  which  has  a 
mounting  base  of  0.00635  X  0.00953  m,  is  attached 
to  the  b()ard  with  a  7.6  X  10”’  m  (3  mils)  thick 
bonding  compound  whose  thermal  conductivity  (k)  is 
0.25  W/m-^C.  The  forced  airflow  rate  is  1.8  kg/min 
with  an  inlet  tempierature  of  45”  C.  The  board  con¬ 
tains  a  5.08  X  10”’  m  (0.020  inch)  thick  copper 
thermal  plane.  The  ^jc  of  the  part  is  50°  C/W. 


THERMAL  PLANE  THICKNESS  - 
1.27  X  10-"  m  (0.006  In) 

\  2.64  X  10-"  m  (0.010  In) 

\  \  6.06  X  10-*  m  (0.020  In) 

\  \ \  7.62  X  10-*  m  (0.090  In) 

\  \\\  10.2  X  10-*  m  (0.040  In) 

X  ’O'*  "I  (0.060  In) 

6  \\v\\  t*-®*  X  10-*  m  (0.076  In) 

r'i  XW'WX  26.4x  10-*  m  (0.1  In)  ; 


1.  From  Figure  E-4,  ATce 
L/W  =  2. 


Actual  L/W  = 


0.152  m 
0.102  m 


57  °C  for 


1.49,  so 


Corrected  ATce  =  (0  5)  (1.49)  (57°C)  =  42.5°C 

2.  Calculate  0cb-  from  Equation  5-3, 


7.6  X  10  m 

«CB  - - -  5  OS'C/W 

(0.25  W/m-°C)  (0.00635  m)  (0.00953  m) 


3.  From  Note  2  in  Figure  E-4, 


TOTAL  CARD  POWER  DISSIPATION 

(Qt).  watts 


■  '''*  C'®’*'''"'  "  25)  +  Or  (»JC  +  *ct) 

^  003^)  ^  ,2  5  20  (  +  0.25)  +  0.25  (50  +  5.03) 


=  45  -h  0.33  +  42.5  -I-  19.9  -|-  13.8 


CARD-MOUNTED.  FLOW-THROUGH  MODULES 


IL  COOLING  AIRFLOW.  KG/MIN 

(L 


Q 


NOTES: 

1.  MODULE  DISSIPATION  UNIFORMLY 
DISTRIBUTED  AND  APPLIED  ON  BOTH  SIDES 

2.  THE  PART  JUNCTION  TEMPERATURE  IS 
OBTAINED  AS  FOLLOWS; 

Tj  -  ♦  (  6jf.  Qp 

WHERE 

Tj  IS  THE  JUNCTION  TEMPERATURE 
T^  IS  THE  COOLING  AIR  INLET 
TEMPERATURE 

^SA  WEIGHTED  AVERAGE  HEAT- 

EXCHANGE  R-TO-COOLING-AIR-IN  LET 
TEMPERATURE  DIFFERENCE  (SEE  NOTE  41 

IS  THE  JUNCTION-TO-CASE  THERMAL 
RESISTANCE  IN  “CAN 

Bca  IS  THE  THERMAL  RESISTANCE  BETWEEN  THE 
THE  CASE  AND  THE  HEAT  EXHANGER  IN  °C/W 
Op  IS  THE  PART  DISSIPATION  IN  WATTS 

3.  ALL  TEMPERATURES  ARE  IN  °C 

4.  WEIGHTED  AVERAGE  TEMPERATURE 
DIFFERENCE  IS  THE  VALUE  AT  A  LOCATION  TWO 
THIRDS  OF  THE  DISTANCE  FROM  THE  INLET  TO 
THE  OUTLET.  AS  SHOWN  IN  SKETCH.  EXPERIENCE 
HAS  SHOWN  THAT  THE  TEMPERATURE  AT  THIS 
LOCATION  APPROXIMATES  THE  AVERAGE  BOARD 


Figure  E-5.  Estimated  temperatures  of  card-mounted  parts  using  forced-air-cooled  flow-through  modules 

(Cooling  Type  E). 


Bxamph 

Estimate  the  junction  temperature  of  a  0.25-W 
microcircuit  mounted  on  a  flow-through  forced-air¬ 
cooled  module,  which  has  a  total  dissipation  of  50  W. 
The  cooling  flow  rate  is  0.25  kg/min,  and  the  inlet 
temperature  is  The  junction-to-case  thermal 

resistance  (»j, )  is  55*C/W,  and  the  total  thermal 
resistance  between  the  case  and  the  heat  exchanger 
(»,„)  is  17"C/W. 

1.  From  Figure  E-5,  ^T,,  =  15°C. 

2.  From  Note  2  in  Figure  E-5, 

Tj  =  T*  +  iT,.,  +  (»j,  +•<!,)  Qp 
=  30  +  15  +  (55  +  17)  0.25 
Tj  =  63°C. 
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COLD-PLATE-MOUNTEO.  AIR-COOLED 


Fiflui«  E-E.  E«tifnat«l  tampwtturM  of  cold-plaM-tnountad  parts  ustng  forcail-air  ooolinfl  (CooNng  Type  F). 


iMampt0 

Estimate  the  junction  temperature  of  a  5-W  part 
mounted  on  an  air*cooled  cold  plate  whose  dimen¬ 
sions  are  as  follows:  height  (b)  0.0127  m,  width 

(W)  “0.153  m,  and  length  (L)  ”  0.228  m.  The 
total  dissipation  is  156  W.  Cooling  air  is  supplied  to 
the  cold  plate  at  an  inlet  temperature  of  40‘’C  and  a 
flow  rate  of  1.75  kg/min.  The  part,  whose  mounting 
base  is  0.0254  X  0.0508  m,  is  attached  to  the  cold 
plate  with  a  1.27  X  10'*  m  (5  mils)  thick  bonding 
compound  whose  thermal  conductivity  (k)  is  0.26 
W/m''‘C..The  part  junction- to-casc  thermal  resistance 

is  2‘“C/W. 

1.  Calculate  mounting  surface  flux  density; 

Total  dissipation  1 56  W  i 

- — - - - -  4472  W/m  . 

WL  (0.153  m)  (0.228  m) 

2.  Calculate  G^: 

kg/min  of  air  t.75  kg/min  2 

tif  —  ■  -  -  — —  ■«  . — ■  - —  ■  .  ■  -  «  901  |(g  min-m  . 

bW  (0.0137  m)  (0.1. V  m> 

3.  From  Figure  E-6,  ATgg  “  lO'C. 


S  MOUNTINO  SUNFACa 

2  IJ  FkUX  DINS'  TV  •  1B,4SO  W/niit  (tO  W/ln3) 


FRONTAL  AREA  AIR  MASS 
VELOCITY  (Gg).  KO/MIN-m* 


4.  Calculate  Ocs:  From  Equation  5-3, 

1.27  X  10  *  m 

- - -  0..t8“(:/W. 

(0.2b  W/m-’C)  (0.0254  m  X  0  0508  m) 

5.  From  Note  3  in  Figure  E-6, 

Tj  *  Tg  +  AT»g  +  {0JC.  +  «cs)  Qp 
“  40  -f-  10  +  (2  +  0.38)  5 
Tj  -  62-0. 
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COLD-PLATE-MOUNTED.  UQUIO-COOLED 
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NOTES: 


1.  DISSIPATION  APPLIED  UNIFORMLY, 
APPLIED  ON  ONE  SIDE  OF  COLO  PLATE 
ONLY 


a.  O. 


•  IKO/MIN  OF  LIOUlD)/(bw) 


a.  LIQUID  IS  COOLANOL-3B 

4.  THE  PART  JUNCTION  TEMPERATURE 
IS  OSTAINEO  AS  FOLLOWS: 

T.  -  T*  +  At.,  + 


■J  A 
WHIAE 


'SA 


'C8'“P 


W/m3  (MO  W/ln3) 


0  300  600  000  1300  1600  1.600 

FRONTAL  AREA  LIOUID  MAM  VELOCITY  (Gp),  KG/MIN  -  m3 


Tj  IS  THE  JUNCTION  TEMPERATURE 
T^  IS  THE  COOLANT  INLET  TEMPERATURE  | 
At^A  *3  WEIGHTED  AVERAGE  SUR¬ 
FACE -TOOOOLANT-INLET  TEMPERATURE] 
DIFFERENCE  (SEE  SKETCH) 

IS  THE  JUNCTION-TO-CASE  THERMAL 
RESISTANCE  IN  “c/W 
^CS  CASB-TO-MOUNTINO  SURFACE 

THERMAL  RESISTANCE  IN  "c/W 


6-  ALL  TEMPERATURES  ARE  IN  C 


Figure  E-7.  Estimated  tempersturM  of  coM-plata-mourited  parts  using  foroad-iiquid  (XMiing  (Cooling  Type  G). 


Csamp/s 

Estimate  the  junction  temperature  of  a  10-W 
part.,  mounted  on  a  forced-liquid-cooled  cold  plate 
whose  dimensions  are  as  follows:  height  (b)  =* 
0.00635  m,  width  (W)  =  0.101  m  and  length  (L)  = 
0.127  m.  The  total  dissipation  is  3207  W.  Liquid  is 
supplied  to  the  cold  plate  at  an  inlet  temperature  of 
40°  C  and  a  flow  rate  of  0.577  kg/min.  The  part, 
whose  mounting  base  is  0.0254  X  0.0508  m,  is 
attached  to  the  cold  plate  with  a  1.27  X  10"*  m 
(5  mils)  thick  bonding  compound  whose  thermal  con¬ 
ductivity  (k)  is  0.26  W/m-°C.  The  Junction-to-case 
thermal  resistance  is  2°C/W. 

1 .  Calculate  the  mounting  surface  density: 

Tutiil  dissipation  3207  W  s  j 

- :: -  - -  «  2.5  X  10  W/m  . 

WL  (0.101  m)(0.l27  m) 

2.  Calculate  Gp: 

kg/min  0.377  kg/min  2 

(».  *  -  =  ■  —  -  •  900  kg/min^m  . 

bW  (0.00633  m)  (O.IOl  m) 

3.  From  Figure  E-7,  ATja  ”  25°C. 

4.  Calculate  (Jo,'  From  Equation  5-3, 


- - o..18"(:/W. 

(0.26  W/m-”C)  (0.0254  m)  (0.0508  m) 

5.  From  Note  4  in  Figure  E-7, 

Tj  *  Ta  +  ATs,»  +  (flje  +  Ocs)  Qp 
-  40  +  25  +  (2  -h  0.38)  10 
Tj  89°C. 
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FREE  CONVECTION.  LIQUID  HEAT  SINK 


W/m*  It  IP-* 


PART 


NOTES: 

1.  THE  PART  CASE  TEMPERATURE 
IS  OSTAINED  AS  POLLOWS: 

Tc  -  Tl  ♦  ATcl 
WHERE 

Tc  IS  THE  PART  CASE  TEMPERATURE 

T|.  is  the  liouid  bath  temperature 
Atcl  is  the  temperature  difference 

BETWEEN  part  BODY  AND  LIQUID 

2.  ALL  temperatures  ARE  IN  »C 


Figura  E-8.  Estimatad  tamparatursB  of  fraa-convacn'on-coolaci  parts  usins  liquid  as  hast  sink  (Cooling  Typo  H). 


Cxmnph 

Estimate  the  case  temperature  of  a  0.65-W  part 
having  a  total  surface  area  exposed  to  coolant  equal 
to  3.2  X  10"‘  m*,  and  cooled  by  free  convection 
using  a  liquid  heat  sink  at  45*’C. 

1.  Compute  the  heat  flux  density; 


0.65  W 

3.2  X  10"’  m* 


2.03  X  10"^*  W/m*. 


2.  From  Figure  E-8,  ATcl  ^  62*C. 

3.  Using  Note  1  in  Figure  E-8, 

Tc  -  Tl  +  ATcl 
-  45«C  -I-  62*0 
Tc  -  107*C. 


WAn*  ■  10-* 
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FLUSH-COOLED 
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LIQUID  IN 
(Tl) 


LIQUID 

'OUT 


V  MEAT  FLUX  DENSITY  -  '■  THE  PART  CASE  TEMPERATURE 

IS  OBTAINED  AS  FOLLOWSt 

Tc  -  T|_  +  ATcl 

7.7B  »  10*  W/m*  (SO  Wln2)  VmERE 

^  Tc  IS  THE  PART  CASE  TEMPERATURE 

T|,  IS  THE  LIQUID  INLET  TEMPERATURE 
4.68  X  10*  (M  Win*)  ATql  IS  THE  TEMPERATURE  DIFFERENCE 

BETWEEN  PART  CASE  AND  LIQUID  INLET 

3.1  X  10*W/in*l20W/lna)  *■  ALI- TEMPERATURES  ARE  IN  *C 


7.7B  X  10*  W/m*  (SO  W/ln*) 


4.68  X  10*  Wm*  (M  W/ln*) 


1.66  X  10*  (W/m*  (10  W/ln*) 

-  ^0.774  X  10*  W/m*  16  W/ln*) 


FLUID  VELOCITY,  m/l 


Figure  E-9.  Estimated  temperatures  of  fkjsh-cooled  equipment  (Cooiing  Type  I). 


Exmnpit 

Estimate  the  case  temperature  of  a  300-W  unit 
with  case  dimensions  of  0.051  X  0.03  X  0.058  m, 
flush-cooled  by  liquid  at  a  velocity  of  2  m/s  and  an 
inlet  temperature  of  50'’C. 

1 .  Compute  the  heat  flux  density: 

300W  ,  , 

- r  -  2.41  X  10  W/m  . 

2(n.0.1l  X  O.OJ  +  0,051  X  0.058  +  0.03  X  0.058)m 

2.  From  Figure  E-9,  ATo.  =  1  l^C. 

3.  Using  Note  1  in  Figure  E-9, 

Tc  =  Tl  -I-  ATci 

=  50”c  +  irc 

Tc  -  6rc. 


LIQUID  EVAPORATION 


H6AT  FLUX  OENSITV.  W/Jn^ 


VAPOR  OUT 


VAPOR 

PART 

LIQUID 

EVAPORANT 


NOTES: 

1.  THE  PART  CASE  TEMPERATURE 
fS  OBTAINED  AS  FOLLOWS: 

Tc  -=  Te  +  ^Tce 
WHERE 

Tc  is  the  PART  CASE  TEMPERATURE 
Te  is  the  EVAPORANT  TEMPERATURE 

ATce  is  the  TEMPERATURE  DIFFERENCE 
BETWEEN  THE  PART  SURFACE  AND  THE 
EVAPORANT 

2.  ALL  TEMPERATURES  ARE  IN  «>C 


Figure  E- 10.  Estimated  temperatures  of  parts  cooled  by  liquid  evaporation  (Cooling  Type  J). 


example 

Estimate  the  case  temperature  of  a  200-W  part 
whose  case  dimensions  are  0.04  X  0,01  X  0.005  m» 
aH)led  by  evaporation  of  a  60®(;  liquid. 

1.  Compute  the  heat  flux  density: 


2  I-’** 

2  (D.IH  X  n.oi  +  0  04  X  0.0(o  +  0,01  X  0.005)111 

2.  From  Figure  E-10,  =  36°C. 

3.  Using  Note  1  in  Figure  E-10, 

T,  =  Tk  + 

=  60'’C  +  36°C 
T,  =  96°C. 


W/m*  X  10'S 
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RADIATION  TO  SPACE 
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3.  FOR  SEMICONDUCTOR  DEVICE. 

THE  JUNCTION  TEMPERATURE  IS 

K  SO 
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Figure  E-11.  Estimated  temperatures  of  parts  cooled  by  direct  radiation  to  deep  space  (Cooling  Type  K). 


Exampla 

Estimate  the  junction  temperature  for  a  0.065-W 
semiconductor  with  a  view  factor  of  1 ,0,  a  junction- 
to-case  thermal  resistance  (fljc)  of  85°C/W,  radiating 
surface  dimensions  of  0.01  X  0.01  m,  and  cooled  by 
direct  radiation  (assume  one  face  radiates). 

1.  Compute  the  dissipation/radiating  area: 


0.065  W 
0.01  m  X  0.01m 


650  W/m’. 


2.  From  Figure  E-1 1,  Tt  =  60°C. 

3.  Using  Note  3  in  Figure  E-11, 


Tj  =  Tc  +  OjcQ 

=  60°C  +  (85'’C/W)  (0.065  W) 
=  60°C  +  5.525'’C 
Tj  =  66°C. 


¥*/m* 

0  400  800  1200  1800 


W/ln* 
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SPACE  RADIATOR  WITH  LIQUID  TRANSPORT  LOOP 


120 1— 


100 


PART 


1.29  X  10-3m*  (2  In*) 

1.94  X  10"®m*  (3  In*) 
2.68  X  10"*m*  (4  In*) 
3.23  X  10"*m*  (6  In*) 

MOTES: 
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MOUNTING 
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RADIATOR 


20  30  40 

PART  OISSIPATION.  WATTS 


THE  JUNCTION  TEMPERATURE 
IS  OBTAINED  AS  FOLLOWS: 

Tj  *  Tg  + 

WHERE 

Tj  IS  THE  JUNCTION  TEMPERATURE 
Tc  IS  THE  CASE  TEMPERATURE 
OjC  IS  THE  JUNCTION-TOXASE 
THERMAL  RESISTANCE  IN  ^C/W 
Q  IS  THE  PART  POWER  OISSIPATION 
IN  WATTS 

2.  ALL  TEMPERATURES  ARE  IN  ^C 


Figure  E-12.  Estimated  temperatures  of  parts  cooled  by  liquid-transport  looo  using  deep  space  as  the  ultimate  sink 

(Cooling  Type  L). 


Bxampfe 

Estimate  the  junction  temperature  of  a  25-W 
part  mounted  on  a  surface  0.07  X  0.008  m  with  a 
junction-to-case  thermal  resistance  (0j^)  of  1  °C/W 
and  cooled  by  a  liquid  transport  loop. 

1 .  Compute  the  mounting  surface  area: 

0.07  m  X  0.008  m  =  5.6  X  10'*  m’ 

2.  From  Figure  E-12,  Tt  =  70°C. 

3.  Using  Note  1  in  Figure  E- 1 2, 

Tj  =  Tc:  +  e,,  Q 

=  70‘’C  +  (rC/W)  (25  W) 

=  70°C  +  25‘’C 

Tj  =  95"C. 
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APPENDIX  F 

FOR  MORE  INFORMA  TION 


CHAPTER  1:  SUCCESS  IN  THERMAL 
MANAGEMENT 

1-1  “Reliabiliiy/Design,  Thermal  Applications,” 
MIL-HDBK-251.  19  January  1978. 

1- 2  “Military  Program  for  Systems  and  Equip¬ 

ment  Development  and  Production,”  MIL- 
STD-785B,  15  September,  1980. 

CHAPTER  2:  SPECIFIC  THERMAL  TASKS 
AND  REQUIREMENTS 

Thermal  Tasks.  Reliability  program  management 
is  described  in  References  2-1  through  2-4. 

Thermal  Raquiremants.  Thermal  specifications 
and  requirements  for  military  electronic  equipment 
are  stated  in  References  2-5  through  2-12.  Refer¬ 
ences  2-6,  2-7,  and  2-9  through  2-11  state  that 
the  thermal  design  shall  be  in  accordance  with  Refer¬ 
ence  2-5.  Thermal  Data  Item  Descriptions  are  listed 
as  References  2-13  through  2-20.  Environmental  test 
methods  arc  described  in  Reference  2-3 1 .  Test  speci¬ 
fications  for  airborne  and  USAF  spaceborne  equip¬ 
ment  are  described  in  References  2-22  and  2-23. 
Reliability  tests  are  described  in  Reference  2-24. 
USAF  technical  reviews  are  described  in  Refer¬ 
ence  2-25. 

2- 1  “Military  Program  for  Systems  and 

Equipment  Development  and  Production,” 
MIL-STD-785B,  15  September  1980. 

2-2  “Reliability  Program  Requirements  for  Space 
and  Missile  Systems,”  MIL-STD-1543 
(USAF),  Notice  2,  22  July  1977. 

2-3  A.  Coppola  and  A.N.  Sukert,  “Reliability 
and  Maintainability  Management  Manual,” 
RADC-TR-79-200,  AD-A073299,  July 
1979. 


2-4  R.S.  Cazanjian,  “Design  Practices  and 

Review  Procedures  for  Reliability,”  in  Reli- 
iibility  Engineering  for  Electronic  .Systems. 
R.H.  Myers,  K.L.  Wong,  and  H.M.  Cordy 
(Eds.),  Chapter  6,  pp.  152-173,  John  Wiley 
and  .Sons,  New  York.  1964. 

2-5  “Standard  General  Requirements  for  Elec¬ 
tronic  Equipment,”  Requirement  52  (Thermal 
Design),  MIL-.STD-454Ci,  15  March  1980. 

2-6  “Electronic  Equipment,  Ground;  Cieneral 

Requirements  For,”  MIL-E-4I58E  (USAF). 
Amendment  1,  24  August  1976. 

2-7  “Electronic  Equipment,  Airborne,  General 

Specification  For,”  Paragraph  3.2.5,  MIL-E- 
5400T  (for  DOD  airborne  equipment  and 
procurements  after  5  September  198C  of 
DOD  missiles,  boosters,  and  allied  equip¬ 
ment),  16  November  1979. 

2-8  “Electronic  Equipment,  Aerospace,  Extended 
Space  Environment,  General  Specification 
For,”  Paragraph  3.6.5,  DOD-E-8983C, 

29  December  1977. 

2-9  “Electronic,  Electrical,  and  Electro-Mechan¬ 
ical  Equipment,  Guided  Missile  and  Associ¬ 
ated  Weapon  Systems,  Cieneral  Specification 
For,”  Paragraph  3.3.14,  M1L-E-11991D 
(MI).  27  February  1976. 

2-10  “Electronic,  Interior  Gommunication,  and 
Navigation  Equipment,  Naval  Ship  and 
Shore,  General  Specification  For,”  Paragraphs 
3.8,  4.8.7,  and  6.2.2,  MIL-E-16400G 
(Navy),  1  December  1976. 

2-11  “Test  Equipment  for  Use  with  Electronic  and 
Electrical  Equipment,  General  Specification 
For."  MIL-T-21200L.  2  July  1973. 
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2-12  “Air  Force  Avionics  Installation  Standard,” 
Diafi,  Proposed  MIL-STD-XXX,  15  June 
1981. 

2-13  “Environmental  Criteria  Report,”  Dl-E-1119 
(Army),  15  December  1969, 

2-14  “Report,  Environment,  Reliability,”  DI-R- 
2116  (Navy),  29  August  1973. 

2-15  “Integrated  Circuit  Thermal  Analysis 

Report,"  DI-R-5458  (NSA),  19  April  1977. 

2-16  “Report,  Thermal  Survey,”  Dl-R-7036 
(DOD),  21  October  1977. 

2-17  “Electronic  Pans/Circuits  Tolerance  Analysis 
Report,”  Dl-R-7084  (DOD),  14  October 
1980. 

2-18  “Report,  Environment,”  UDl-R-21138 
(Navy-AS),  9  August  1973. 

2-19  “Report,  Reliability  Stress  Analysis,”  DDI- 
R-21423  (Navy-AS),  .30  July  1975. 

2-20  “Data,  Cooling  Design,”  UD1-T-21341A 
(AT-015A)  (Navy-AS),  22  October  1974. 

2-21  “Environmental  Test  Methods,”  MIL-STD- 
810C,  10  March  1975. 

2-22  “Testing,  Environment,  Airborne  Electronic 
and  Associated  Equipment,”  M1L-T-5422F 
(AS),  30  November  1971. 

2-23  “Test  Requirements  for  Space  Vehicles,” 

MIL-.STD-I540A  (USAF),  15  May  '974. 

2-24  “Reliability  Tests:  Exponential  Distribution,” 
M1L-.STD-781C,  21  October  1977. 

2-2.3  “Technical  Reviews  and  Audits  for  Systems, 
Equipments  and  Computer  Programs,”  MIL- 
.STD-1521A  (USAF),  1  June  1976. 


CHAPTER  3:  TAILORING  OF  THERMAL 

MANAGEMENT  PROGRAMS 

3-1  “Military  Program  for  Systems  and  Equip¬ 
ment  Development  and  Production,"  MIL- 
STD-785B,  15  September  1980. 

3-2  A.  Coppola  and  A.N.  Sukert,  “Reliability  and 
Maintainability  Management  Manual,” 
RADC-TR-79-200,  AD-A073299,  July 
1979. 


CHAPTER  4:  IMPACT  OF  TEMPERATURE  ON 
RELIABILITY 

Effect  of  Temporature  on  Failuro  Rate.  See  the 

latest  version  of  MIL-HDBK-217  (Reference  4-1), 
on  which  the  reliability  prediction  calculations  in  this 
guide  are  based.  Air  Force  studies  of  failures  of 
avionic  equipment  are  reported  in  References  4-2 
through  4-5.  References  4-6  through  4-8  examine 
the  dependence  of  failure  rate  on  temperature  for  a 
variety  of  types  of  electronic  equipment.  The  effect  of 
temperature  on  the  reliability  of  semiconductor 
devices  is  discussed  in  References  4-9  through  4-14. 

Thermally  Induced  Feilure  Modes.  See  References 
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